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EXPERIMENTS ON-ECCENTRICALLY BRACED FRAMES

WITH COMPOSITE FLOORS

Abstract

An eccentrically braced steel frame is a structural system in which eccentricities are
deliberately introduced into the bracing configuration. As a result, the axial forces in the
braces. are transferred among braces and to coiumns through shear and bending in a portion
of the floor beam called the link. A link in an eccentrically braced steel frame acts as a
ductile fuse.‘ During overloéding of the stmérure the links are designed to yield and dissi-
pate large amounts of input energy while inhibiting brace buckling. In addition to poséess-
ing good ductility, an eccentrically bra.ced steel frame also possesses a high elastic stiffness.
As aresult there is currently a growing interest with regards to its use in seismic design.

Past experimental research has assessed the performance of links and eccentrically
braced steel frames under extreme cyclic loading. While these investigations have demon-
strated the superiority of these structural systems and provided an adequate evaluation of
the inelastic behavior of short links, they have not adequately addressed the issue of the
effects of composite action on link performance due to concrete floor slabs. This imponanl
topic is treated in this report.

In the first part of this report the results of an experimental study are presented con-
cerning the cyclic behavior of short links in eccentrically braced steel frames with compo-
site floors. This study includes eight tests which were performed on two-thirds scale
subassemblies consisting of floor beams of eccentrically braced steel frames. Two of these
specimens were bare steel, with the remaining six consisting of steel sections with a compo-
site floor slab. The observed behavior of each specimen is documented. The results of
each test are then analyzed and compared in order to determine the increase in cyclic link

capacity due to composite action, whether cyclic web buckling in composite links can be



ii

inhibited using bare steel link design criteria, and the extent of participation and damage of
the concrete floor slab under extreme loading.

The remaining part of this report deals with a.nalyéis of the interaction between the
floor beam and slab in EBFs with composite floor systems. An analytical procedure is
developed for determining the effective slab width and moment of inertia of composite floor
beams in EBFs whereby orthotropic floor slab and beam flexural properties are taken into
account. Analysis of several test specimens are reported in order to indicate the accuracy
and reliability of the method. Additional analyses are also reported in order to demonstrate
the effécts of orthotropic slab behavior and the beam spacing-_to-span ratio.

The results of the experimental study and floor slab-beam interaction analysis were
used to “establish constitutive relationships for finite element models. These finite element
models were then used to perform cyclic static and séismic Inonlinea.r analysis of eccentri-
cally braced frames. The formulations for the ﬁﬁite element models and the nonlinear
analysis results are discussed in a companion report entitled Dynamic Analysis of Seismi-
cally Resistant Eccentrically Braced Frames, which has been published as EERC Report

No. 87/07.
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CHAPTER 1

INTRODUCTION |

1.1. General

The design of earthquake resistant structures is a challenging task. The structural
engineer must design a structure to resist seismically induced loads which are not clearly
defined. Often, the seismic design loads are based on building codes or determined by a
response spectra technique. Determining the seismic loads by one of these methods
assumes that the building code or- response spectra are representative of a major earthquake
that would occur near the site of the structure. Choosing a representative earthquake is
difficult, for each earthquake produces unique ground motions which affects the energy con-
tent at the various ground motion frequencies, in addition to the duration of strong shaking.
Consequently, there is no assurance that the intensity of loads during an earthquake will not
exceed the maximum intensity level which the structure was originally designed to resist.

Because of the uncertainties associated with estimaling seismic induced forces on
structures, a seismic design method has evolved based on a three tier philosophy. Firstly,
under minor ground shaking which has a high probability of occurrence, the structure must
not suffer any structural and non-structural damage. Hence, the structure must remain elas-
lic during minor earthquakes and possess sufficient elastic stiffness to limit structural dis-
placements and interstory drift. Secondly, during moderate earthquake activity which has a
low probability of occurrence, the structure should not undergo amy structural damage,
although a limited amount of nonstructural damage is allowed. To meet these requirements,
the structure can undergo minor inelastic activity in critical regions. Finally, under extreme
ground shaking which has an extremely low probability of occurrence, the structure must
nol collapse resulling in loss of life. Inelastic structural behavior is allowed since it would

not be economical 10 elastically resist” such major earthquakes. Structural systems which



possess slable hysteretic loops and ductile behavior tend to perform well under extreme
loading conditions during major earthquakes, for they are able to dissipate large amounts of

energy input without collapsing.

1.2. Conventional Seismic Resistant Steel Structures

. For medium and high rise buildings, structural steel has been used extensively due 10
its excellent strength and ductility properties. Two of the most commonly used structural
steel systems in the pﬁst have been moment resisting frames (MRFs) and concentrically
braced frames (CBFs).

Moment resisting frames can be designed to be ductile and dissipate large amounts of
energy during earthquakes [1]. A typical configuration of such of sysiem is shown in Fig.
1.1. The dissipation of energy is mainly obtained throﬁgh inelastic action in the beam-
column joints. Ductility of a moment resisting frame requires proporlionin; the beams and
columns to meet the so-called strong column-weak beam design concept, with proper details
~ for the beam-column joint. A properly designed moment resisting frame subjected to cyclic
load is shown in Fig. 1.2, indicating the stable hysteretic behavior resulting in continued
energ; dissipation.

In the elastic range, moment resisting frames can often be laterally too flexible due to
large flexural deformations of the beam. As a result, limiting the elastic interstory drift
often controls the design of such systems. Consequently, a more costly design is required
whereby larger beam sections are used. The moment that is transferred from beams (o .
columns creates large shear forces in the beam-column panel zones [1,38]. In the inelastic
range these panel zones can develop considerable distortion, resulting in a significant
increase in the interstory drift. Furthermore, recent research [38] demonstrates that severe
panel zone shear distortion can lead to distortion of the column flange at the beam-column

connection, eventually causing a brittle fracture of the beam flange welds. Web doubler

plates arc often used in the beam-column panel zones 10 avoid these problems, thereby



adding to the expense of the design.

It is generally more econcmical to resist lateral loads and control deflections with
bracing such as thal used in concentric braced frames, Fig. 1.3. The braces in a concentric
braced frame cause the structural system to act as a vertical truss which possesses an excel-
lent lateral elastic stiffness. Concentrically braced frames are thereby able to control story
drift and resist minor ground shaking. However, the use of this type of structural system is
cautioned against where there exists a high probability of the occurrence of a major earth-
quake during the life of the structure. Popov and Black [2] have experimentall&z demon-
strated Lhat braces which repeatedly buckle under cyclic loading suffer a drastic decrease in
their buckling strength and ability to dissipate energy, see Fig. 1.4, Such brace behavior
affects the global behavior, as illustrated in Fig. 1.5 [39], where the concémrically braced
frame’s lateral load carrying capacity dramatically decreases with continued cyclic displace-

ment. Unstable behavior could eventually develop leading to the collapse of the frame.

1.3. Eccentrically Braced Steel Frames

Since 1978 Popov and his associates at the University of California at Berkeley have
conducted extensive research on a new type of structural system for earthquake resistant
design. This new structural system is known as the eccentrically braced frame (EBF).
EBF's have both properties .of a high elastic lateral stiffness and good energy dissipation
capacity, making its use advantageous for seismic resistant design. Some fypical bracing
configurations of EBFs are shown in Fig. 1.6. These types of framing configurations cah be
referred to as K-braced frames, D-braced frames, and V-brac;ed frames respectively. Links
of length ¢ are formed in these EBFs by arranging the braces as shown in Fig. 1.6, In
EBFs, the axial forces in braces are transmitted through the adjoining links by bending and
shear action.

The elastic lateral stiffness of an EBF is dependent upon the relative length of the

links, e, to the bay width, L. For large values of e/L the elastic lateral stiffness approaches



the stiffness of a moment resisting frame. By decreasing the e/L ratio the elastic lateral
stiffness increases and eventually approaches that of a concentrically braced frame. This
behavior is demonstrated in Fig. 1.7 for two simple single story models.

Under severe seismic ground mption where inelastic behavior is expected, the links act
as fuses for dissipating energy, as illustrated in Fig. 1.8. A link which undergoes inelastic
activity and dissipates energy will be referred to as an active link. To ensure that an active
link possesses sufficient ductility under cyclic loading and good energy dissipation capacity,
the steel section forming the link must be checked to determine if web stiffeners are
required to control cyclic web buckling [3,5,7]. The hysteretic behavior of a link designed
where the web was reinforced with transverse stiffeners is shown in Fig. 1.9, This link was
a bare steel specimen which yielded predominantly in the web due to shear. By observing
the fact that the shear force reached a limiting value in the link following yielding and
strain hardening, the maximum forces required to be developed in any adjoining brace of an
EBF can be determined by statics. Therefore, the braces of an EBF can be prevented from
buckling by designing them to resist the link’s maximum shear force. This assures that an
EBF will not have its energy dissipalion capacity decreased due to cyclic buckling of the
braces. This is difficult to guarantee for concentrically braced frames. The global hys-
leretic experimental response of a one-third size EBF is shown in Fig. 1.10, illusirating the
stable hysteretic behavior. The performance of the EEF is superior compared to the con-

centrically braced steel frame’s performance shown earlier in Fig. 1.5.

1.4. Bare Steel Link Behavior

A
|

A link is typically exposed to both high moments and shears in the elastic and inelas-
tic statgs. The performance of an EBF during a major earthquake depends 1o a large extent
on the inelastic bebavior of the links. In a well designed EBF, except for the plastic hinges

at the column bases, all the inelastic activity of the frame should be concenirated in the

links. Representative examples of this condition are illustrated in Fig. 1.8 for the collapse



mechanism of a K-braced and V-braced EBF, respectively. Active links have been
classified by previous researchers [7,18] into categories according to the type o’f hinge
formed. Three type of hinges, shown in Fig. 1.11, can be identified in EBF:

1. Plastic hinges developing moment M, [Hinges (1)].

2. Plastic. hinges developing moment larger than M; and less than M, which are simul-

taneously subjected to a relatively high shear force [Hinges (2)].

3. Plastic hinges with moments equal to or less than MP' accompanied by web yielding in

shear of Vp [Hinges (3)].

The quantities MP‘ . M,, and V, associated with the above hinges are defined as follows:

M,= 6,Z (L)

M, = od=1:)(b=1.)1 (1.2)
Oy )

Vp = Ts(d-*tf)fw, (13)

where

M, = plasiic moment capacity of a steel section,

M; = plastic moment capacity of a steel section reduced by shear,

V, = plastic shear capacily of a steel section,

o, = yield stress of steel,

Z = plastic section modulus,

d, 17, t,, by = depth, flange thickness, web thickness, and flange width of a steel
section, respectively.

Fig. 1.12 shows a typical moment-shear (M-V) interaction surface for a wide flange

steel section. The funclion may be approximated by an expression developed by Neal [19]:

(1.4)



2
M-M] 2 .
—2 | 4 Vl 1 (M 2 M) (1.5)
M,-M, P ,

Considering the equilibrium of a link, Fig. 1.13, with moments MP' and shear V, the max-

imum shear hinge length »° can be determined:

b'=2—L : (1.6)

This force state at each end of the link corresponds (o the balance point of the moment-

shear interaction surface. Links with lengths shorter than b* develop shear yielding in the
web. Such links are referred to as "shear links"”, and the hinges that form conform to type
3. A link with hinges of type 1 is called a "moment link”, whereas a link with a hinge of
type 2 is designated as an "intermediate link”. Experimental studies [3] have indicated that
shear links provide greater energy dissipation than links whose lengths are larger than b°
where the hinges are ‘of type 1 or 2.

Recent studies [7] indicated that no significant change in the link end moment capacity
occurs even with large plastic shear deformation. It was concluded that in the strain-
hardening range the cross-coupling effect between moment and shear was negligible.

Therefore, a rectangular moment-shear yield surface was proposed, Fig. 1.14, where M,

instead of M; is used 1o establish the maximum shear hinge length b, ..

X

= P
B = zv—p (1.7)
If the link’s length equals b_,, two moment hinges form at shear yield. In order to prevent
excessive flange strain during strain hardening as a result of large moment hinge demand, it

has been suggested to limit the end moment to 1.2M, for a shear of 1.5V, and the max-

imum recommended link length for a shear link has been limited to:



M,
e<1.6—L | (1.8)
VP

At Berkeley active links yielding primarily in shear in the web have been studied. Until
further research is completed [41], it has been recommended not to exceed the link length
given by Eq. (1.8).

The inelastic deformation of the link, ¥, is related to the link’s length e and EBF
configuration, as shown in Fig. 1.8. In shear links, most of 7p is due to inelastic shear
strains in the web as a result of a large shear force. Large end moments develop in moment
links, whereby inelastic axial strains develop in both of the flanges and the web which
increase the link curvature at the link ends in agreement with ordinary beam theory. For
long links no plastic shear deformations develop in the web. For a intermediate link, the
inelastic deformation is due to both the shear and moment mechanisms.

Links are ‘excellent energy dissipators under cyclic loading if the ultimate state of the
link can be developed and maintained. To develop the link's full strength and deformation
capacity, proper web stiffening is required, in addition to lateral bracing al both ends of the
link. Furthermore, other frafﬁe members must be designed and detailed to be stronger than
the links.. Inadequate link energy dissipation capacity may result in collapse of an EBF
under continued strong seismic forces. The ultimate state of shear links is reached when

the ultimate shear force V, ,, has developed. Based on experimental studies [3,5,6,7,8] it has

U
been determined by previous researchers that V,,, for design purposes should be taken to be

at least:

Vi = 1.5V, (1.9)
The link end moments at the ultimale slate are determined by statics considering the shear
to be V,,. For links adjacent 1o columns the link end moments are not equal, it has been
found (7] that the link end momenl at the column face approaches a maximum moment in

excess of Mp'



Proper web stiffening of the link is accomplished by providing web stiffeners of uni-
form spacing. Early work by Hjelmstad [3] resulted in empirical equations relating the web

stiffener spacing to the energy of the link:

E

a L

L= 90 - 9In 3 (1.10)
a E'

= = 94-14 )

- 9 ln[Ec (1.11)

where a, t,, respectively, are the stiffener spacing and web thickness. E,, E', and Ejg,
respectively, are the elastic energy stored by a link at yield, the energy absorbed during the
largest prebuckling cycle, and the total energy dissipated prior 10 buckling.

Later it was proposed by Kasai [7] defining an allowable link deformation of a half
cycle, y,, (see Fig. 1.15) as criterion for inhibiting link web buckling. Using the guidance
of classical monotonic plastic plate buckling theory, an empirical relationship was

developed relating y, to the link panel zone dimensions and web thickness, reading:

2
Y, = 8.7 K () 1 (1.12)
B
where
a= &
)]
b (d - 21)
w W
8.98 + 5'6,O for a 21
a2
K(a)=
5.60 + 8'928 for ¢ £1,
o

in which a, b, and 1, respectively, are the web stiffener spacing, web panel zone height,



and web thickness. The terms 4 and t;, respectively, are the depth and flange thickness of
the steel section.

Malley [5] has proposed design guidelines for sizing of the stiffeners, using criteria
based on tension field action and modified elastic buckling solutions to account for the ‘ine-
lastic namre of shear link web buckling. Accordingly, design guidelines were provided

requiring appropriate web stiffener strength and rigidity.

1.5. Composite Action of Links Under Monctoniﬁ and Cyclic Loading

For gravity loads, multistory steel frame buildings often are desfgned where the con-
crete floor slabs act compositely with the steel beams. Composite action results in an
increased moment capacity of the members. This allows smaller sections to be used for the
floor beams. Under gravity leads, a major portion of the beams’ span length has the con-
crete slab acting in compression by the action of the positive moment developed in :rhe floor
beams. However, lateral loads applied to @e structure due to an earthquake can cause
cyclic reversal of moments in the composite beams, leading to cracks in the concrete slab
under the action of negative moment. Cracking of the concrete slab has been found to
decrease the strength of a composite beam under cyclic loading [22]. It is generally
assumed in design that the concrete slab has no tensile strength, the’negalive moment capa-
city of a composite beam is thus equal only to that of the steel section and longitudinal slab
reinforcement,

Composite action between a concrete slal; and steel beam is achieved by using shear
connectors to develop horizontal shear forces along the interface of the concrete and flange
of the steel section. Internal forces acting at a section of a composite beam are shown in

Fig. 1.16. From statics the total moment, M, at the section is equal to

M= M, +M+F: (1.13)
where M, and M  are the moments in the steel section and concrete slab, respectively.

The horizontal force F is developed in the concrete slab and steel section through the
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transfer of shear forces along the beam by the shear connectors. When no slip between the
slab and beam occurs, F has a maximum value of F*. Under such conditions the strain in

the slab, ¢;, and the steel beam, ¢,,, at the interface are equal, hence:

€ — Epm = 0 (1.14)

s
If applied loads to a composite beam cause connector deformation, slip between the slab
and beam occurs, leading o partial composite action where the force F is less than F’,
Under these conditions, &, and &,,, are not equal and the strain profile appears as shown in
Fig. 1.16. When the force F is equal to zero, no composite action between the slab and
beam develops. Since the curvatures for the two media are the same due to the weighr of
the slab acting on long spans, the total moment is equal to the sum of the steel section and

the slab:. That is:

M= M, +M, (1.15)
This would be the case when no shear connectors are provided, or if the connector capacity
has completely deteriorated under cyclic loading.

Since the critical aspeét in composite design is the transfer of shear forces between the
concrele slab and the steel section, it is e;sential that the shear connectors be given careful
consideration. With the advances in cold formed metal decking systems through the 1950°s,
there has been an increased use of formed metal decking in the concrete floor slabs of steel
framed buildings. Formed metal decking consists of nbs of height &, vyidth w, with a cell
between ribs as shown in Fig. 1.17. During construction the formed metal decking serves
as a work platform and in-situ formwork for the concrete slab. As a finished floor, the
metal decking serves as reinforcement for the concrele slab to resist ‘ﬂoor loads applied
between floor beams. To develop the composite action between the floor slab and the steel
fioor beam, the shear connectors are welded through the deck at the base of the rib, to the
top flange of the steel section. Past research [9,13] has shown li‘lal the shear connector’s

rigidity and strength are affected not only by their size but also by the geometry of the deck
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and the arrangement of the connectors within the ribs. Importa.nt facts related to this
research are summarized below:

1. IWhen the rib width to rib height ratio, w/h, becomes too small, £he shear con-
nector strength is reduced due to cracking and shearing of the concrete rib. A
valqe of w/h greater than 1.75 is recommended.

2.  The shear connector length shou]d .e'xtend as far as possible above the top of the
rib into the solid portion of the slab.

3. Rotation of the rib with respect o the beam flange leads to cracking at the rib
comners and precipitates the failure of the concrete by shearing of the |:ibs. To
reduce rotation of the rib, the decking should be secured by welding the shear
connectors directly through the decking to the beam. Furthermore, the shear
connectors should not be too flexible.

The above have been incorporated into current building specifications for the design and
construction of sieel buildings in the U.S. [20].
The plastic positive moment capacity of composite beams under monotonic loading

has been studied extensively [11,13,14,21,24,25]. Reasonable estimates for the plastic posi-

tive moment capacity under monotonic loading, M.}, can be determined by considering
only the compressive sirength of the concrete slab above the ribs of the metal decking.
Assuming full composite action, two cases need to be considered: Case 1 where the neutral
axis is in the slab; and Case 2 where the neutral axis is in the steel section. The formula-
tions for the two cases, respectively, are summarized in Figs. 1.18 and 1.19. Since incom-
plete shear connector capaéily may exist, resulting in partial composite action, a third case
needs 10 be considered assuming that the individual shear connector strength g, is known.
The case of partial composite action is summarized in Fig. 1.20.

Few lests have been conducted on the behavior of composite beams subjecled to cyclic
loading. Humar conducted tests on composite beams with solid concrete slabs [22]. The

results of his studies indicate that if longitudinal negative reinforcement is placed.in the
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slab and premature web buckling of the steel section is prevented then the steel-concrele
composiie sections exhibit stable hysteresis loops when subjected to cyclic loading. In
these experiments, which were constructed with compact steel sections and 1ongiiudinal slab
reinforcement, the maximum positive moment developed in the specimens ranged in value
from 1.87M, 10 2.29M,, where M, is the plastic capacity of the steel section. Maximum
negative moments ranged from 1.36MP to 1.54M,. Tt therefore appears that some dégree of
composite action can be obtained under cyclic load'mg if longiludinal slab reinforcement is
provided and beam web buckling is preQentéd. " Tests on pushout specimens [23] examining
the cyclic response of shear connectors indicate that the type of failure leading to the loss
of composite action greatly influences the strength and ductility under cyclic loading. Tt was
found that the cyclic shear strength of the connectors is approximately 17 to 29 percent
lower, depending on the failure mode, than their monotonic stren'gmé. Based on these
findings, it is not likely that composite beams subjected to cyclic loading will develop their
full monotonic strength. Therefore, the previéus formulations for the positive monotonic
moment capacity for composite beams, Figs. 1.18 to 1.20, need to be modified for cyclic
loading. To estimate the maximum positive moment that would develop under cyclic load-
ing, a reduced connector str;angth based on the cyclic shear strength could be used in the
positive monotenic moment capacity formulation which considers partial composite action
(Fig. 1.20). This procedure assume.;. that web buckling of the steel section does. not occur
and that the cyclic shear strength of the connectors is known.

Note that in the previous discussion the positive moment capacity of a composite
beam-is delcrﬁlined assuming the effectlive slab width, b, is known. ’f’he effective slab
width is an equivalent representation of longitudinal distributed stress distribution by a rec-
tangular one. Research [24,25] had sho@n that the effective width for monotonic loading is
influenced by many factors. The most important ones include: load distribution along the
span, cross sectional properties of the composite beam, and boundary conditions. Experi-

mental data has demonstrated that cracking of the -concrete slab results in a decrease of the
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effectivg width. Cyclic load test on composite beams in Japan [26] have indicated that the
effective width decreases as the inelastic range of lesting commences, and centinues 1o
decrease as the amplitude of the cyclic loading is increased. Based on the above observa-
tions, it appears that the degree of deterioration of the composite action is not only related
to the loss of 'shear connector strength but also to the amount of slab cracking.

The previous formulation for positive moment capacity of composite beams, Figs. 1.18
to 1.20, also ignores the effect of vertical shear. As noted previously for bare steel links,
the interaction of moment and shear is significant in that it affects the inelastic behavior of
links. Limited .published test results are available where the effect of cyclic load on
moment-shear interaction of composite beam§ was studied. Tests involving vertical shear in
continuous composite beams subjected to monotonic load [27] indicate that if longitudinal
reinforcement is provided. in the slab and has not yielded, then this reinforcement will carry
a portion of the vertical shear. Once the longitudinal reinforcement yields, the steel section
1s forced to provide all the vertical shear resistance. This gives an indication that under
severg cyclic loading, where the concrete slab cracks and yielding of longitudinal rc;.inforce-
ment takes place, the sréel section in a composite beam is likely to provide most of the

vertical shear resistance.

1.6. Effects of Composite Action on Link Behavior

Although the behavior of composite steel beam floor systems in moment resisting
frames and concentrically braced frames has been studied and documented exten’sively for
monotonic loading [9,10,11,12,13,14,16,21,24,25], as noted previously, less research has
been performed involving cyclic loading on these types. of frames as well .as EBFs with
composile floors [16,17,22,26]. All previous experimental research on EBFs in the U.S. has
dealt with only bare steel frames, ignoring the effect of the concrete slab which serves as a
floor system in steel frame buildings {3,4,5,6,7.8,18].

. Recently, as part of the US-Japan Cooperative Earthqhake Research Program [17],
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tests were conductéd in Tsukuba, Japan on an K-braced EBF with a composite floor sysiem.
The tests involved subjecting a full scale six-story, two by two bay steel structure with
eccentric bracing to the Taft earthquake record scaled to 0.5 g maximum ground accelera-
tion, and subsequent (ests consisting of three cycles of sinusoidal ground acceleratioﬁ.
Details of the steel framing systems are shown in Figs. 1.21 and 1.22. The floor system
consisted of formed metal decking with cast-in-place lightweight concrete which acted com-
positely with the girders and floor beams. The results of these tests indicated that the com-
posite links performed well and were able to withstand a major earthquake with rﬁinor dam-
age. Furthermore, the cracking and damage to the concrete slab was local and mostly in the
region" directly above the links which had éxperienced inelastic activity. The subsequent
tests performed on the structure were an attempt to impose larger inelastic link deformations
in order to study the strength, ductility, and failure mechanism of the EBF. However,
failure occurred in a gusset plate which was used for the brace connection. This illustrates
the important issue that both the braces and bracing details must be designed to resist the
maximum possible forces that could develop in the composite links.

An examination of the test results [17] indicates that most of the inelastic activity
occurred in links of the first and second floors. The maximum axial force of the first and
second floor braces was 332 kips and 339 kips, respectively, during the response to the
scaled Taft earthquake {17], with the maximum link deformation of the ﬁrrsvt ﬂoc;r equal 10
approximately 0.06 rad. Required axial brace forces, -based on the plastic design of the
EBF which ignores the contribution of the composite floors, were computed and found to be
336 kips for the first and second floor braces. It may appear that the design of braces can
be based on the properties of only the bare steel frame, ignoring the effects of the compo-
site floor slabs on the cyclic link capécily.' However no general conclusions can be made,
for the links were indeterminate and there weré no direct measured link forces recorded dur-
ing the Tsukuba tests. Instead, the links’ shear forces were estimated from the vertical

component of the axial forces in the braces. The link end moments are praclically impossi-
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ble 1o determine due 10 a lack of necessary data. Consequently, a precise description of the
hysteretic behavior of the composite links is not available at present. Furthermore, the
Tsukuba test program involved only one simulated earthquake and only links in a sole K-
braced panel of an EBF. Composite links adjacent to columns in V-braced panels of an
EBF were not a part of the tests.

Having reviewed the research on composite beams and the Tsukuba composite EBF, it
appears that there is not sufficient experimental data on composite beams under cyclic load-
ing to be able to predict precise cyclic behavior of composite short links. One could specu-
‘late, based on the monotonic load test results, that the composite links should initially have
a greater positive moment capacity. However il is not clear, whether the composite action
in a link will rapidly deteriorate or_maimain its capacity under cyclic loading. Also, the
effect of composite action on the moment-shear interaction behavior has not been well
documented where conventional floor slabs are used, consisting of cold-forméd metal deck-
ing with minimal longitudinal reinforcement for temperature effects.

In designing EBFs it is important to be able to assess the effects of composite action
on the yield surength and ultimate strength of short links under cyclic-loading. Using bare
steel guidelines for EBFs with composite floor slabs does not preclude a possible failure of
the braces, in the beams ocutside the link, and even columns if the composite links develop
sufficient overstrength compared to bare steel links. These are pressing issues, since EBFs
are usually constructed with concrete floor slabs. Furthermore, there is a need to assess
whether the cyclic web buckling in composite links can be controlled using the criteria of
previous studies based on bare steel links [3,7] in order that the ductility and energy dissi-
pation capacity of composite links be maintained. Therefore, there is a need for additional
experimental and analytical studies in order to be able to assess whether the design guide-
lines based on past research of bare steel links can assure their ductile performance in con-
ventional composite floors.

It is also important to be able to estimate the beam capacity adjoining the link in order
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1o minimize yielding in this segment of the beam. Currently there is a lack of experimental
data for estimating the degree of participation of the EBF floor slab in hysteretic response
of the beam outside the link. The issue of whether the floor slab alone can restrain the ends
of the link against lateral-torsional buckling under cyclic loading also has not been fully
addressed in previous studies. It is also of importance to examine the extent of floor dam-
age in an EBF during a simulated major earthquake in order to assess the possible necessary
repair as well as the degree of damage to nonstructural components caused by floor uplift
above the links.

There is also a need for nonlinear realistic dynamic analyses of EBFs subjected to
strong seismic ground molions, While plastic design procedures have been proposed for
EBF design [6,7.8], no thorough analyses of such frames under dynamic loading conditions
have been made. The conclusions based on the studies of EBFs under-pseudo-static loading
including composite action based on the present study need to be assessed under dynamic
loading conditions. To make such an appraisal of the seismic response of an EBF an accu-
rate nonlinear analysis is required. This requires an accurate link element to model the
links. Such an element must account for composite action. Since composite action can also
develop in the floor beams culside the link, there is a great need for another element which
can, model these members. Besides including the effects of cyclic loading of composite

beams, this additional element must also account for moment-axial load interaction.

1.7. Objectives

-

A considerable effort has been expended in order to satisfy the needs enumerated

above. This was achieved by pursuing the following objectives:

(1) Experimentally investigate the cyclic behavior of short composite links and floor
beams with a concrete slab cast on cold-formed metal decking.
(2) Assess whether cyclic web buckling of composite links is adequately controlled using

the criteria for bare steel links.
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(3) Experimentally investigate the participation and damage of the floor slab in EBFs sub-
jected to cyclic load.

(4) Experimentally investigate the effectiveness of the floor slab in restraining the link
from lateral-torsional buckling under cyclic loading,

(5) Develop an analytical procedure for predicting the degree of slab participation in the
floor beam response for EBFs.

(6) Develop a practical stress resultant finite element for modeling links under random
cyclic loading.

(7) Develop a practical stress resultant finite element for modeling the beams adjoining
the link under random cyclic loading.

(8) Assess the analytical dynamic response of a plastically designed EBF to several strong

ground motions.

1.8. Scope

This report is a summary of an experimental study of links and EBFs under simulated
seismic conditions. Finite element formulations for cyclically loaded link and beani models
as well as the nonlinear dyﬁamic analysis of plastically designed EBFs are documented in a
companion report [1281. |

After the introduction given in Chapter 1, Chapter 2 of this report describes the exper-
imental program which involved thé testing of bare steel links and links with composite
floor slabs. The experimental behavior of each test specimen is described in Chapter 3. An
analysis of the experimental results that includes an assessxﬁem of the effects of thé compo-
site floor systems in EBFs is presented in Chapter 4. In Chapter 5 the ﬂoonl" beam-slab
interaction in EBFs with composite floor sysiems is analytically investigaled and compared

to experimental results.
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CHAPTER 2

THE EXPERIMENTAL SYSTEM

2.1. General

The area of major interest in the experimental study was the links and fioor system in the
vicinity of the link. The design of the experimental system had the requirement that the test
specimens simulate as accurately as possible the physical domain of the links in composite
floor systems of EBF. In order to obtain realistic test results, the following two conditions had

to be met:

(1) Matenals and members in the test setup had to closely resemble a typical EBF arrange-
ment.

(2) Boundary conditions and a collapse mechanism in the vicinity of the composite link and
the link itself had 10 develop appropriate displacements and internal forces resembling the

response of a prototype EBF floor system during a major earthquake.

In order to satisfy these conditions a subassembly of an EBF was designed, consisting of
a concrete-metal deck floor system with steel floor beams. The Tsukuba Test Structure [17]
was used as the prototype for a series of tests (Test I) involving links of a K-braced EBF. A
second series (Test II) involved testing the iinks corresponding 1o a V-braced EBF. These
framing schemes are shown in Fig. 1.8. In this manner the tests performed'simulaled both the
interior and the exterior links of EBFs with composite floor systems. ‘i‘he specimens were
made to é two-thirds scale of the Tsukuba prototype structure, where one floor slab was used
in constructing the composite link specimens for Test I and I

To directly determine the effects of a.composile floor sysiem ron liﬂk performance, two
bare steel links were also tested. A total of eight tests were performed: three cbmboéite link
tests simulating links in a K-braced EBF, three composite link tests simulating links in a V-

braced EBF; and two bare beam tests, where one test was performed involving the link of the
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K-braced EBF simulation, and other test involving the link of the V-braced EBF simulation.
Of the three composile link tests for each EBF simulation, two were exterior links.. Tﬁe other
composite links were on the interior of the floor slab. The test specimens are identified in
Table 2.1. The nomenclature given in column 1 will be adopted for identifying the various
test specimens and will be referred 10 throughout this report. In column 6 of the table the
cyclic link deformation history is briefly described for each specimen. To meet the objectives
of the experimental program the link deformation history of each specimen had to be selected
in such a manner that general conclusions could be drawn concerning the response of compo-

site links during major earthquakes.

2.2. Experimental Setup

The experimental setup for studying the link behavior was based on the kinematics of the
collapse mechanism for a K-braced EBF, Fig. 2.1(a), and a V-braced EBF, Fig. 2.2(a).
The plastic deformation angle v, in the links of the K-braced- EBF mechanism with uni-

form plastic story drift ®, can be delermined from the kinematics of deformation, and is:

Y, = 2 | - (2.1)

The subassembly shown in Fig. 2.1(b) can simulate the inelastic behavior of the link by con-
trolling the displacements §. The displacements & include both the elastic and plastic com-
ponents. Since large deformations can be imposed on a link, approximating the plastic dis-
placement 8, of the K-braced EBF by § of the subassembly is reasonable. The ensuing link
deformation y therefore includes elastic and plastic components of deformation. In this
arrangement the effects of axial force in the link are not considered, and P4, and Py
correspond only 1o the vertical components of the brace forces in an EBF.

The plastiﬁ deformation angle vy, ‘in the links of the V-braced EBF shown in Fig. 2.2 (a)
is the same as that given by Eq. 2.1. As shown in Fig. 2.2(b), by controlling the angle © of

the subassembly the inelastic behavior of links in a V-braced EBF can be simulated. Since
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these links will also be subjected 1o large deformations, approximaling the plastic displacement
8, by & of the subassembly is reasonable. Along the length L. of the subassembly, the
moment of inertia, Ic, of the test beam has been increased relative to the moment of inertia of
the remaining part of the beam, I, . This has been done to simulate the rotational constraint of
the exterior column, In this manner a larger elastic moment is attracted to the end of the link
that is usually restrained by the column. Numerous elastic analyses of V-braced EBFs have
shown that the end moments in a link are unequal, and the link end moment at the column
face is larger than the moment at the other end of a link. Note that in the experimental simu-
lation the axial force effects are not considered. The force Pg represents thIa vertical com-
ponent of the brace force, while P, cérresponds to the axial force developed in the exterior
column. Research recently completed at Berkeley [7] examined the effect of axial force in
bare steel links.

The displacements & and the angle © of the subassemblies were developed by controlied
displacements at the ends of each link. These displacements of the link were imposed by the
two hydraulic jacks generating forces P, and Pg. The moment and shear forces thal are
caused by the applied forces in the subassemblies are shown in Fig. 2.3. The encircled areas
on the diagrams in the vicinity of the links are of primary interest.

The composite deck including links was constructed by casting a concrete slab on formed
metal deck which had been placed over three parallel test beams A, B, and C as shown in Fig.
2.4. These beams were spaced seven feet on center. The ribs of the decking were oriented
perpepdicular to the test beams. Beams A and C at the edge of the slab simulated conditions
for exterior EBFs, whille beam B in the middle of the slab simulated an interior EBF similar to
that in the Tsukuba tests [17]. The experimental set-ups for the two types of lests are shown
in Fig. 2.5. By locating the beam supports, the test frame, and hydraulic jacks according to
Figs. 2.4 and 2.5, only one test beam conlaining the link either for the K-braced or V-braced
EBF subassembly was tequired. The extent of slab damage from testing a link, as in the

Tsukuba test [17], was expected to be rather local. Therefore all six composite link tests could
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be performed using one slab supported by three test beams. Figure 2.6 shows the location of
the links for the K-braced and V-braced subassemblies.

For each test beam the support was provided by 2.5 in. diamelfer shear pins passing
through the web of the test beam and secured to shear tabs on thé test frame as shown in Fig.
2.7(a). The other end of each test beam was supported by a pinned column which also had a
2.5 in. diameter shear pin at l.ht; bottom and a 3 in. diameter shear pin at the top,ras' shown in
Fig. 2.7(b). Each pinned column was attached to a iest beam by placing the 3 in. diameter pin
through attachment plates which. had been welded to the bottom flange of the test beam. The
pins prevented the development of end moment in the test beams and thereby complied with
the required boundary conditions shown in Figs. 2.1(b) and 2.2(b). With 3 in. diameter pins at
both ends, each hydraulic jack was connected to the hydraulic jack support and an attachment
plate welded to a test beamn at the end of the link, as shown in Fig. 2.7(c). The test frame,
pincolumn supports, and hydraulic jack support were attached to the laboratory tie-down floor

slab by post tensioning rods as shown in Figs. 2.7(b) and 2.7(c).

2.3, Design of Test Specimens

Selection of Link Beam - Al the time that the specimens were ldgsigned the new design
guideli:nes {71 had not yet evolved. Copsequen;ly, the design of the links was l?ased on the
earlier griteria [3,5,18], and the Tsukuba design. "The links in the bottom floor beams of the
Tsukuba test structure were of particular interest since it was already known that most of the
inelastig activity was conpepnaled there. The first floor beam‘section size of the Tsukuba
structure was a W18 x 40 with a link length of 28 in. This link lengﬁl is less than b° and
satisfies the current criteria [7}, and therefore the prototype link can be considgred o be a
shear link. Since a !wo-thrirdsv scale factor was adopted in these test, in order 10  simulale the
prototype behavior, the test specimens miust haye elastic and plastic section properties for shear
and moment scaled in correct proportion. Therefore the tink length, énd the elastic and plastic

section properties of the specimens were scaled as follows:
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Link Length, Cmodel 2 _ . Q2
eprolar_ype 3 b :
1% 2 ' -
Shear, Tmodel |2 @
. Vprolu{ype 3 ’ '
M ) 3 ‘
Moment, modd  _ | £ 2.4
) Mprolalype 3 '

A W12 x i9 section with a link length of 19 in. was found to have the best overall
correlation to two-thirds scale of the W18 x 40 prototype link. The link length of 19 inr.
satisfies the criterion for a shear link based on " as well as on Eq. 1.8. A comparison
between the prototype link beam and a W12 x 19 is given in Table 2.2. In this table, A, and

§, respectively, are the area of the web and the elastic section modulus. All other section pro-

perties were defined previously in Chapter 1. The composite plastic moment capacity M.}, is
based on the effective slab width b,; for an interior composite beam defined by AISC [20].
Thg cheice of the slab thickness for the model will be discussed later.

Test Beam Details - The details of the test beam and links are sh‘own in Fig. 2.8. As
~ noted earlier, the reinforced beam was used to simulate the column restraint of the link in a
V-braced EBF. This was constructed by welding WT6 x 9.5 sections (o the top and bottom
flanges of the W12 x 19. The moment of inertia I, of the simulated column restraint member
was 5.9 times greater than the W12 x 19 test beam. This enabled an elastic moment M, to
develop at the link end adjoining the column restraint which was three times greater than the
moment My developed at the other end of the link. In an EBF, the elastic distribution of
moments in a link adjacent to a column has typical values of MA'/MB ranging from 2.5 10 6.

The length of the link was selected as being equal to b for a W12 x 19. The spacing
of the web stiffeners in the link was based on the criteria developed by Hjelmstad [3], such
that the.ratio of stiffener spacing a to web thickness ¢, a/r,, wa-s 25.0 for all specimens,
excépl Specimen A2 where a/t,, was 12.5 . All web stiffeners in the link were 0.25 in. thick,

satisfying the strength criterion given in {5]. However, the criterion for stiffener rigidity was
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relaxed. In the link the stiffeners were placed on only one side of the web and were welded to
the web and the top and bottom flanges: of the beam.

As shown in Fig. 1.21, in the Tsukuba test structure large gusset plates were used outside
the link for attaching the:braces to the floor beams. Consequently, the moment capacity of the
floor beam was increased in the regions of the gusset plates, and yielding of the flanges in
these areas was inhibited. To prevent flange yielding from developing outside the link in the
test beam adjacent to the hydraulic jack attachments, cover plates were welded to the top and
bottom flanges of the beam at these locations. The length of the cover plates was based on
prevenling yielding in the ﬂénges outside the link from occurring at a shear force of 1.5V, in
the link. The moments for causing flange yielding of the composite section were determined
using the AISC effective slab width [20]. Doubler plates were placed on the beam web above
the jack attachment plates to prevenl web distortion and yielding due (o the concentrated jack
forces.

Floor Slab Details - The floor élab thickness, metal decking, slab reinforcement, and
shear connector size were selected such as to simulate as accurately as possible a two-thirds
scale model of the prototype, as well as to conform 1o the AISC Specification [20]. The thick-
ness of the floor slab was selected to be 4.5 in. A standard 20 gage cold formed metal deck
with a two inch rib height was used. Details of the decking are shown in Fig. 2.9. The floor
slab was constructed using a lightweight concrete which had a 28 day design strength of 4000
psi. Welded mesh reinforcing consisting of 0.045in.2 of cold drawn wire spaced at 6 in. on
centers both ways was employed. This provided for a 0.3 percent transverse and longitudinal
reinforcemeni per linear foot of concrete. This mesh provided the required minimum tempera-
ture reinforcement. The selected concrete slab-metal decking system [28] for the model
correctly simulated the prototype Tsukuba floor system. The rib geometry of the model deck
permitied the development of the full capacity of two shear connectors since they could be
placed in the same rib [20], just as it was done in the prototype. The. shear connectors used

were 3.5 in. long and were 0.5 in. in diameter. Excepl along a segment of beam B, these
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shear connectors were welded through the metal decking 10 the top flange of all test beams.
Fig. 2.10 shows the metal decking, shear connectors, and reinforcemént in place before casting
of the concrete slab.

A plan of the shear connector layout for the test beams is shown in Fig. 2.11. The metal
decking over a major part of the span for beam B was placed to form a gap over the floor
beam, as shown in Fig, 2.12. Sheet metal was fitted between the ribs of the gap, thereby
enclosing the gap. This made it possible to place concrete in the gap above ihé floor beam.
- This also permitted placement of additional shear connectors in the vicinity of the link simulat-
ing the interior K-braced EBF subassembly (Specimen Bl). This detail was a two-thirds
replica of the slab and decking detail used above the links in the Tsukuba test. All of the
remaining links in the model had the conventional U.S. decking detail where the metal deck is
placed continuously over the top flange of steel Ibeams. An elevation of the deck rib laifout
with respect to the links is shown in Fig. 2.13. A vertical plate was welded to the top WT6 x
9.5 section of each test beam at the end of the link, as shown in Fig. 2.8, in order to simulate
the effect of a column flange which the concrete slab would butt up against during ihe testing
of the V-braced EBF subassemblies.

Lateral Bracing - In all tests, except for Specimen C2 and Specimen D2, both ends of
the links were laterally braced from one side by W10 x 15 transverse beams as shown in Eig.
2.14. Shear connections consisting of three bolts placed through the web of transverse beams
and altached to the stiffeners of the floor beams were used. Specimen D2, simulating a bare
steel link in a V-braced EBF, had a transverse beam only at the end of the link atiached to the
simulated column. This transverse beam represented an edge framing member. An exterior
composite link in Specimen C2 was not braced by transverse beams. Instead, W12 x 19
transverse stub beams six inches long were placed on each side of the link web, and shear
connectlors were used to anchor the top flange of the stub beams to the concrete slab as shown
in Fig. 2.15. Only the end of the link in a subassembly that would normally be attached to the

diagonal bracing in a V-braced EBF had this detail. The other end of the link in the



25

subassembly adjacent to the simﬁlaled column restraint was braced by only the floor slab. The
same stub beam detail was used in the Tsukuba test structure to laterally brace the composite
floor beams at locations away from the links. The purpose of using the stub beam at the end
of the link of Specimen C2 was to examine its effectiveness to lateral brace the link where
large moments and inelastic activity develop. All bare steel specimens -as well as simulaled_
columns had lateral bracing at intermediate poiﬁts outside the link as well as at the ends of the

test beams.

2.4. Material and Section Properties

All test beams ‘;vere fabricated from the same heat of ASTM A36 sieel. The fnaterial
properties of the steel were détermined from uniaxial tension tests using ASTM procedures
[30] aﬁd are presented in Table 2.3, where E = Young’s modulus, €., = strain at onset of
strain hardening, €, = strain corresponding to ultimate stress, Ay = peréent of elongation at
fracture, o, = yield stress, o, = ultimate siress. The lightweight concrele batch design con-
sisted of a waler-cement ratio of 0.54 and a 6.5 in. slump. As noted previously, the design
strength at 28 days was 4000 psi. The maximum aggregate size was 0.5 in. The concrete was
placed, then motst cured for seven days under wet burlap covered by a plastic sheet. The
compressive strength, splitting tensile strength, and flexural strength were determined for the
concrete using ASTM procedures [31,32,33]. These strengths were obtained over the rperiod of
time covering the composite link test program. The results of these strength tests are summar-
ized in Figs. 2.16, 2.17, and 2.18 indicating the increase in strength ‘with time. Young’s
modulus was determined from six by twelve inch cylinders 28 days after casting the éoncret;
slab. Test cylinders were cured in fog room as well as in the 1est specimen conditions. The
results are summarized in Table 2.4, The measured cross-sectional areas of the slab reinforce-
ment and their mechanical properties are given in Table 2.5. The cold drawn wires of the
mesh reinforcement did not have a Well deﬁned yield stress and exhibited low toughness.

Calculated plastic capacities for the (est beams are given in Table 2.6. These quantities
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are based on the actual material strengths and using the average of the measured cross-
sectional dimensions of the test specimens (see Table 2.7). The first row of Table 2.6 is based

on different yield strengths for the flange and web of the test beams. In the second row, the

average value of the above stresses were used. Since M,, V,, M; , M and M have a
direct relationship to the web and flange stresses developed in the steel section, it is more
accurate to use values given in the first row. Therefore, unless otherwise noted, all future

references to the plastic capacities refer to the values given in the first row of Table 2.6. The
positive bending moment capacity M:;“" for the interior composite test beams, and the exterior
composite test beams, M, assume full composite action between the concrete floor slab and
steel section. An appropriate method gilven in Figs. 1.18 or 1.19 was used to calculate M

and A;!,f"‘. Per AISC [20] an effective slab width of one quarter of the beam span was used
for interior beams. As recommended by the AISC [20], for the exterior beams the effective
slab width was taken o be one twelfth of the span length pius the exterior slab overhang and
the beam flange width. The contribution of the slab temperature reinforcement was ignored.
A concrete compressive strength of 4200 psi was used, which was the average concrele

strength during the period of the compbsite link tests. -

2.5. Floor Slab Properties

The moment-curvature relationship, M —§, of the stab was determined by tesling 2 by 4
ft. size slab specimens under monotonic loading. A total of four tests were performed, ena-
bling the M —¢ relationship o be established for positive and negative moments having parallel
as well as perpendicular ribs to the direction of bending as shown in Fig. 2.19. The curvature
was determined by measuring the strain on both sides of the slab specimens using clip gages.
For ISIabs 3 and 4 this curvature represented an average curvature between ribs. |

The M ¢ relationships are shown in Fig. 2.20, and the gﬁective elastic stiffnesses Ef,
the cracking moments M_,, and the ultimate moment capacities M, are summarized in Table

2.8. From Fig. 2.20 it is evident that the elastic stiffness of Slabs 1 and 2 is significantly
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greater then that of Slabs 3 and 4. This signifies that the slab exhibits orthotropic behavior.
The average of the elastic stiffnesses for Slabs 1 and 2, EY,, compared (o the average for slabs
3and 4, El_, is 3.25.

M, and M, is also greater when the ribs are effectively engaged in resisting moment as
in Slabs 1 and 2. A slab, when called upon to resist the total applied moment where the ribs
are not effectively engaged in resisting moment, as in Slabs 3 and 4, has a tendency to crack

between ribs.

2.6. Instrumentation

The methods of measuring specimen displacements are shown in Figs. 2.21 and 2.22.
The instrumentation support frame may be seen in Figs. 2.7 and 2.13. The link displacements
were monitored by arranging two linear potentiometers at each end of the link for obtaining
the vertical movement and twisting of the beam cross-section (Fig. 2.21). Pairs of LVDTs
(lincar variable differential transformers) were used to measure the rotation and iongitudinal
movement of the steel section at each end of the link.

Strain gages were placed on the test beam flanges t0 measure strains in and outside the
link to monitor yielding. The location of the strain gages is shown in Fig. 2.23. The links
were whitewashed to aid in observing the yield pattern and progress of yielding. Slip gages
were used in the composite link tests to measure the relative slip between the floor beam and
concrete slab, as well as the relative slip between the concrete slab and metal decking. The
strain gages were placed as shown in Fig. 2.24 at locations at the link and at selected locations
outside the link. A typical slip gage consisted of an LVDT measuring the movement of a tab
attached to the underside of the concrete floor slab as shown in Fig. 2.22. An LVDT was
either “atiached to the floor beam to measure slip between the steel section and the concrete
slab, or on the metal decking to measure slip between the melal decking and the concrete slab.

The longitudinal strains were measured on the concrete slab top surface and on the slab

underside using arrays of 12-in. clip and strain gages. The location of the arrays of clip gages
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pertaining to the reported results are shown in Figs. 2.25 and 2.26. The clip gages are shown
in place on the top surface and underside of the slab in Fig. 2.27. The clip gages on the
underside of the floor slab were mounted onto brass inserts which had been cast into the ribs
of the concrete slab. The clip gages on the top surface of the floor slab were mounted onto
small metal pads which had been epoxied to the éoncrele surface. Arrays of 12-in. clip gages
were used both in the vicinity of the link and along the test beam. The strain gagés were used
on the top and bottom surfaces of the slab only at locations away from the vicinity of the link
where excessive cracking of the slab surface was not to be anticipated.

The vertical displacement of the slab top surface in the vicinity of the link was monitored
in Specimen Al using an array of linear potentiometers placed above the slab’s lbp surface,
see Fig. 2.28. The location of the linear potentiometers to measure the vertical slab movement
is shown in Fig. 2,29.

The forces in the hydraulic jacks were measured using caiibrated load cells. The shear
connection tabs on the test frame and the floor supports for the pin-ended columns were instru-
menied and calibrated in order to monitor the support reactions of all the beams supporting the
slab. With these forces and reactions known, moment and shear forces in the test beam could

be determined from static equilibrium.

2.7. Test Procedure

All instrumentation was connected to a multi-channel scanner system, which at a com-
mand would read all the instruments and record the information onto a Data General Nova
computer system for future data reduction. The displacements at the ends of a link were used
1o control the link deformation v. All tests were performed using displacement control for
predetermined displacement histories for each end of a link. The hydraulic jacics were manu-
ally operated to impose the required displacement history. As indicated in Fig. 2.5, the forces
applied by the hydraulic jacks are labeled as Jack P, and Pp.

The link end displacement histories A, and Ag comesponding to applied forces P, and



29

Py, respectively, for the eight tests are shown in Figs. 2.30 to 2.37. With the exception of
Specimens Al and C1, the ‘imposed displacement histories for the link deformation were sym-.
metric. Generally the amplitude of the cycles was progressively increased and the test was ter-
minated when either web tearing occurred or link deformation reached a value of 0.1 rad. The
end displacements for Specimens Al and Cl were more random. Specimen Al was subjécted
to large unsymmetric pulses at the beginning of the test, whereas Specimen C1 was subjected
to link deformations that simulated the Taft Earthquake with a peak ground acceleration of
0.5g, with both specimens being subjected to several. subsequent symmetric cycles.

For Specimen C1 the imposed link deformations were based on the estimates of ©, (Fig.
2.1 (a)) comresponding to the first story lateral displacement history of the Tsukuba test struc-
ture [17]. These displacements were recorded while subjecting the test structure to the Taft
Earthquake with a peak ground acceleration of 0.5 g. Thus with @, established, the value of
Y, followed from Eq. 2.1.. The calculated record of y, is given later (see Fig. 3.26 (b)). The
maximum value of y, was found to be 0.06 rad. during the Taft Earthquake simulation. As
noted previously, since the link deformations are large, the plastic link deformation v, ‘can be
approximated by the total link deformation Y. Additional cycles with amplitudes of ¥, equal to

0.06, 0.08, and 0.10 rad. were imposed after the conclusion of the Taft Earthquake simulation.
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CHAPTER 3

EXPERIMENTAL BEHAVIOR

3.1. General

In this chapter the behavior of the links and floor system are discussed. Each of the
eight tests is presented individually. The bare steellspecimens are presented first followed by
the composite specimens. A summary and a list of conclusions based on observations of the
experimental behavior are given at the end of the chapter.

To facilitate the presentation, the nomenclature and sign convention shown in F‘ig. 3.1
will be adoﬁted. Reference will be made o the shear force, V, end moments M, and My, and
angular deformation y befween the ends of a link. End A is located at the north end of the
link while end B is located at the south end.. For the links of the V-braced EBF subassembly
the end A of the link is adjacent to the simulated column restraint. A positive value of a link
deformation occurs when the end A displaces downwards relative to the end B.

The location of the composite links and slab edges were previously identified in Fig. 2.6.

3.2. Bare Steel Specimen Behavior

Test Specimen D1 - Specimen D1 simulated a link in a bare steel K-braced EBF. The
cyclic displacement program in Section 2.7 was used to impose symmetric cycles of iink
deformations. Figs. 3.2 and 3.3 illustrate the V -y and M -y relationships for the link.

Yielding of Specimen D1 occurred in the web of all panels of the link during the initial
part of Cycle 1 as evidenced by fine ¢racks in the white wash, At link yielding the stiffness of
the link decreased dramatically as shown in the V -y and M -y relationships. The link shear
force at yielding was 85.3 kips, which is eight percent below the theoretical value of V, listed
in Table 2.6. As the link deformation increased to 0.02 rad., strain hardening developed

resulting in an increase in the shear force after yielding. Minor flange yielding also occurred
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at both ends of the link. It was anticipated that the link end moments M, and M; would be
equal since the test beam was to be displaced in an antisymmetric configuration with respect to
the center of the link, see Fig. 2.3(a). However these (;nd moments were found not to be equal
with M, being 1.35Mp. It was determined that small differences in the jack forces are
amplified into a large diﬁérence in link end moments. This is due to the fact that the distance
between jacks is relatively small compared to the total span length of the test beam. The same
should be true in EBF. |

As can be seen from the hysteretic diagrams, a reversal of link deformation dissipates a
large amount of energy. Strain hardening during the later half of Cycle 1 resulted in a link
shear force that was three percent greater than the maximum link shear force developed in the
first half of Cycle 1 at a y = 0.02 rad. Due to the significant amount of strain hardening in
subsequent cycles, as a result of cyclic deformation coupled with increased amplitudes of ¥,
the link shear force continued 10 increase till web buckling. Fuﬁhermore, with increasing ¥ the
web yielding in the link continued and developed uniformly in the link as shown in Fig.
3.4(a).

At a Y of -0.06 rad. during Cycle 4 minor distortions occurred in the compression flanges
at both ends of the link as shown in Fig. 3.4(b). The flange distortion at the end A of the link,
on the right in Fig. 3.4(b), was more pronounced. The moment M, was equal to 1.09M,.
The flange distortion however did not inhibit the link from developing larger forces as can be
seen from the V -y and M -y hysteretic loops. The link deformed shape resembled a parallelo-
gram. ’

When the link was subjected 10 a y of 0.08 rad. in Cycle 6 slight web buckling was
observed in the link center panel. The link shear force was 117.5 kips, representing a 38 per-
cent increase over the shear force at initial web yielding. During this cycle M, reached a
moment of 1.11M, and Mz a moment of 0.79M,,. A reversal of the imposed link deformation
caused a more pronounced web buckling, where the link exhibited the cyclically symmetric

buckling mode depicted in Fig. 3.5. This phenomenon continued in subsequent cycles. Atay
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of 0.08 rad. in Cycle 7 both the web stiffeners and the flanges of the link center panel began
to yield and deform. A photograph of the link at this instant is shown in Fig. 3.4(c). The
maximum shear force and end moments of the link during Cycle 7 were less than the
corresponding forces in Cycle 6.

Subsequent cycles of link deformation resulted in deterioration in the link capacily.
However, the hysteretic behavior of the link remained stable and continued 10 dissipate energy.
As Lhe direction of y was reversed, tension field action in the link resulted in recovery of link
capacity. During Cycle 8, the link web stiffeners and flanges of the middle panel deformed
considerably and developed a flexure type deformation mode. Figure‘3.5(d) shows this
phenomenon during Cycle 8 at a y of -0.10 rad.

Near a y of -0.02 rad. in Cycle 9 web tearing occurred in the link center panel. This
tearing originated at a web stiffener weld. Then as y was increased to -0.10 rad. the link’s
capacity deteriorated rapidly, and the test was terminated. An examination of the test beam

indicated that no yielding had occurred outside the link.

Test Specimen D2 - Specimen D2 involved the testing of link in a V-braced EBF.
Lateral bracing of the link was provided only at the link end A adjacent to the simulated
column restraint. Symmetric cycles of link deformation were impc;scd by the displacement
program given in Section 2.7. Figs. 3.6 and 3.7 illustrate the V -y and M -y hysteretic loops for
this link.

During Cycle 1 the link developed web yielding in all panels, as shown in Fig. 3.8(a).
The corresponding link shear force was 81.4 kips, which was equal to 0.87V,. The link end
moment M, was equal to 3.5Mp, indicating that larger elastic link end moments developed at
the simulated column. As the link deformation was increased, strain hardening resulted in the
increase of the link’s forces. At the peak link deformation of Cycle 1, where ¥ was equal to
0.02 rad., minor flange yielding developed at end A of the link . Due to strain hardening dur-
ing the subsequent cycles the link progressively developed greater shear and end moments.

The inelastically deformed shape of the link resembled a parallelogram.
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During Cycles 3 and 4, which had y amplitudes of 0.04 and 0.06 rad., respectively, the
moment M, remained constant after reaching a moment of 1.1/, while My continued to
increase till a moment of 0.70M, was reached at the end of each half cycle. At the peak 7y of
Cycles 3 and 4, M, was equal to 1.7Mp. At the peak y of 0.06 rad. in both half cycles of
Cycle 5, M, remained equal to 1.7Mg. However, M, had increased 1o a moment of L16M, .
At the same time full flange yielding developed at end A of the link accompanied with minor
distortion of the compression flange as shown in Fig. 3.8(b).

The maximum link forces for Specimen D2 developed during Cycle 6 at a y of 0.08 rad.
At that instant V was equal to 117.7 kips and moments M, and My were equal to 0.71¢, and

1.16M,,

respectively. Since imitial web yielding the link shear had increased by 44 percent
due to strain hardening, and the moments A, and My had increased by 94 percent and 24 per-
cent, respectively. On reversing the link deformation during Cycle 6 web buckling occurred
near a y of -0.08 rad.

In the subsequent cycles of link deformation the link web buckling modes developed as
shown in Fig. 3.5. In Cycle 7 a1 a ¥ of -0.08 rad. the web stiffeners of the center panel of the
link as well as the compression flanges near the ends of the link began to show signs of distor-
tion and yielding, as illustrated in Fig. 3.8(c). The maximum link forces developed during this
cycle were less than those for Cycle 6, indicating thai the link capacity was deteriorating.
However, the V-y and M -y hysteresis loops indicate that the hysteretic behavior remained
stable and the link continued to dissipate energy. The link end moments did not equalize as
evident from the M -y response.

While imposing a y of 0.10 rad. during Cycle 8, the link’s flanges at the center panel
buckled, developing a deformed shape shown in Fig. 3.8(d). The V -y hysteretic loops show
signs of tension field action occurring in the link during Cycles 8 and 9. In the first half of
Cycle 9 web tearing developed in the link center panel along the weld of a web stiffener. As
a result, the link capacity deteriorated rapidly and the test was then terminated. No signs of

yielding were visible in the test beam outside the link.
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3.3. Composite Specimen Behavior

Test Spécimen Al - A link in an exterior K-braced EBF with composite floors was
simulated by Specimen Al, The djsplacemenl history shown in Section 2.7 was used, impos-
ing initially a series of unsymmetri¢ pulses of .link deformations in order 10 develop an early
web buckling in the link. The subsequent cycles of link deformation were cyclically sym-
meiric and began with small amplitudes of y=0.2 rad., and were progressively increased to
vy=0.10 rad. in increments of 0.02 rad. Although the sequence of these cycles was not the
same as the deformation history of Specimen D1, they were similar. Each cycle of deforma-
tion began by displacing the end A downwards relative to the end B of the hnk The V-y and
M -y hysteretic loops for the link are shown in Figs. 3.9 and 3.10.

Yielding in all link web panels occurred during the first half of Cycle 1. The maximum
link shear force during this cycle was 88.1 kips representing only a four percent increase comt-
pared 1o the comresponding bare steel link, Specimen DI1. In this cycle My had reached a
moment of 0.82M, while M, a moment of 0.60M,. Therefore, My was equal to 1.36M,
when web yielding occurred, being nearly identical to the ratio of link end moments at initial
web yielding of Specimen DI1. With increased link deformation in Cycle 1, cracking of the
concrete rib abave the link occurred at end A, and along the link the deck separated from the
concretle slab. Above the end B of the link cracks appeared on the slab surface in the
transverse direction with respect to the longitudinal axis of the test beam. When a y of 0.08
rad. had been imposed on the link the maximum deformation for the first half of Cycle 1 was
reached. The link end moment My was equal to M, while M, was 0.7OMP. Consequently
Mg was equal to 1.43M,. A phmograph\ of the link during Cycle 1 at a y of 0.08 rad. is
shown in Fig. 3.11(a) where uniform yielding of all web panels can be seen. The deformed
link had a shape of a parallelogram.

In the next half of Cycle 1 a y of -0.06 rad. was imposed on the link. When this defor-
mation was reached moments M, and My were both equal to M,. Minor flange yielding was

noticed at both ends of the link. However the rib above the end B of the link had cracked,
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and the earlier deck separation as well as the transverse slab surface cracks above the link had
intensified.

The first half of Cycle 2 subjected the link to a y of 0.10 rad. The rib cracking at end A
caused end B of the link to become stiffer than end A, and thereby develop greater moment.
The link end moment Mp was equal to 1.29M,,, which was 2.4 times greater than M. Conse-
quently, additional flange yielding developed at end B of the link. This value of My was the
largest link end moment developed during the test. Furthermore, the link shear force and slab
damage became greater than that during the previous cycle. Although the floor cracking
became more pronounced, the damage to the floor remained localized in the vicinity of the
link. The last half of Cycle 2 subjected the link to a ¥ of -0.08 rad. This caused web buckling
to occur in the center panel of the link at a defor;nation of approximalely -0.06 rad. As y
reached -0.08 rad., a minor deformation of the link web stiffeners was observed together with
some buckling of the compression flanges at both ends of the link as shown in Fig. 3.11(b).
Moments M, and Mp both were equal to 1.07M,, and the link shear was 127.2 kips. This link
shear force was the maximum achieved during the test and represents a 44 percent increase
over that at initial web yielding. This shear is eight percent greater than the maximum value
. for Specimen D1.

As noted previously, all subsequeﬁt cycles following Cycle 2 were cyclically symmetric.
In Cycles 3 and 4, which had maximum amplitudes of y of 0.02 and 0.04 rad., respectively,
the previously buckled web and the compression ﬂahges of the link became partially
straightened out by the action of _Lhe link. During this process strain hardening of the link con-
tinued. However since the plastic deformations were smaller than those that had occurred in
Cycles 1 and 2, the link forces remained smaller. No further slab damage was observed, but
the earlier one had a pronounced effect on the ratio of moments M, and Mp. At the peak link
deformation of Cycles 3 and 4 end B developed a negative moment My that was 2.5 times
that of M, . For a positive moment, My eventually reachcd 0.85M, at the peak of link defor-

mations during Cycles 3 and 4. Evidently, the stiffnesses at the link ends were influenced by
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rib cracking and composite action.

At a y of -0.06 rad. in Cycle 5 the web buckling of the link center panel and compres-
sion flanges at the ends of the link intensified to the level of first web buckling, see Fig.
3.11(c). Also, yiclding developed in the link web stiffeners. The slab damage in the vicinily’
of the link became more intense. For this displacement the moments M, and My were equal.

On increasing y to 20.08 rad. in Cycle 6 the link’s previously buckled web and compres-
sion flange became more pronounced as shown in Fig. 3.11(d). The cyclic web buckling
modes illustrated in‘ Fig. 3.5 continued to develop during these cycles. The flanges of the
link's middle panel showed signs of distress as the link began to assume a localized deforma-
tion mode. Furthermore, deterioration of the link capacity was detected, for the maximum
shear force developed during Cycle 6 was less than that of the previous cycle. Démage to the
slab and rib above end A of the link had increased, resulting in end B becoming stiffer than
end A. As aresull, My developed a moment equal to 1.5M, at y=10.08 rad.

During Cycle 7 tension field action in the link is evident from the V -y hysteretic loops.
In this cycle the link capacity continued to deteriorate. However the hysteretic behavior
remained stable and the link continued to dissipate energy. Afler reaching a y of 0.10 rad. in
Cycle 7 the link deformation was reversed until a y of -0.04 rad., and the test was then ter-
minated.

The major damage suffered by the floor system during the test remained in the vicinity of
the link and only minor cracking developed in the floor siab away from the area of the link.
Figure 3.12 shows rib cracking, deck separation, and transverse slab surface cracks after the
completion of the test. An exarﬁination of the test beam indicated that yielding had not

occurred outside the link during the test.

Test Specimen A2 - Specimen A2 simulated a link in an exterior V-braced EBF with
composite floor slabs. The spacing of the link web stifieners was one-half of that in the other
specimens. The displacement history imposed symmetric cycles of link deformation as given

in Section 2.7. The V-y and M -y hysleretic loops for the link are shown in Figs. 3.13 and
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3.14. Each cycle began by displacing end A downwards relative to endr B of the link. As in
previous tests, end A was located adjacent to the simulated column restraint.

During Cycle 1 yielding developed in all the link web panels, as shown Fig. 3.15(a).
The initial shear yield force for the link was 87.0 kips, representing a seven percent increase
compared to that of the corresponding bare steel link, Specimen D2. Moment M, was 0.90M,
while Mp was 0.49M,. Hence at web yielding M, was equal to 1.84M;. Additional link
deformations caused strain hardening of the link. At a y of 0.02 rad. a transverse crack
appeared in the slab above end B of the link. Reversal of y 1o complete Cycle 1 resulted in
minor cracking of the rib above the end B as the link deformation approached -0.02 rad.
Moment M, had become equal to 1.1Mp, indicating thai the slab had increased the link and
the floor beam stiffnesses outside the link at end B. This occurred as a positive moment _
developed along this portion of the test beam.

During Cycles 2 and 3, where the amplitudes of both cycles were equal to a ¥ of 0.04
rad. the floor slab above the link suffered further damage. Separation between the deck and
the concrete slab had occurred as a longitudinal crack developed in the slab abov.e the link.
The cracks in the rib above end B of the link became more extensive as end B was displaced
downwards during the second half of Cycle 2. Al a ¥ of 0.04 rad. in Cycle 3 a crack pro-
truded outwards from end A of the link along the north edge of the slab. It was discovered
that the shear connectors at end A of the link had pulled out of the concrete slab as end A was
displaced downwards relative to end B, see Fig. 3.17(b). Simultaneously, flange yielding
developed at the end A of the link. As shown in Fig. 3.16(a}, the crack in the rib opened as
end B was displaced downwards relative to end A. As a result, slightly less positive moment
developed at end B in the second half of Cycle 3 compared to the maximum values of moment
Mg developed in Cycles 1 and 2, as shown in the M-V hysteresis loops of Fig. 3.14(b).
Furthermore, at end B the negative moments were larger in magnitude compared to the posi-
tive moments. Because the moment M, did not deteriorate but rather kept increasing in each

subsequent half cycle, the link shear force also continued to increase.
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The slab damage became more intense during Cycles 4 through 6 bul remained in the
vicinity above the link. The distribution of link end moments M, and My during the peak
deformation of these cycles continued to resemble that of Cycle 3 as shown in the M-y hys- .
teresis loops. At a vy of 0.08 rad. in Cycle 7 the link web stiffeners developed yielding as
minor compression flange buckling occurred at both ends of the link, as shown in Fig. 3.15(c).
The corresponding moments M, and My were equal to 1.11M,, and 0.96M,,, respectively.

The compression flange buckling did not prevent the link end moments from becoming
larger with increasing number of cycles. Consequenty, a larger shear force developed in the
link with each new cycle. Afier completing Cycle 8, >which imposed a y of £0.10 rad., the test
was terminated. Web buckling did not occur in the link because of the closely spaced web
stiffeners. Throughoﬁt the test the link deformed into the shape of a parallelogram as shown
in Fig. 3.15. The maximum shear force developed in the link during the test was 133.2 Kips,
representing a 53 percent increase from the initial web yielding. The maximum link end
moment occwrred at the simulated column restraint where M, reached 1.35M,,, the correspond-
ing moment for My was 0.77M,. The maximum moment developed during the test at end B
was 0.988,. The M -y hysteretic loops indicate, as does the above observations, that the link
end moments did not equalize during the test. The test beam was found not to develop yield-
ing outside the link. The damage condition to the slab at the conclusion of the test is shown
in Figs. 3.16 and 3.17, indicating that the damage to the floor slab was confined to the vicinity

of the link and is remarkably mild considering the amount of deformation imposed on the link.

Test Specimen Bl - Specimen Bl involved the simulation of a link in an interior K-
braced EBF with a composite floor slab. As in the Tsukuba prototype, the metal decking pro-
vided a gap along the top flange of the test beam creating space for additional shear connec-
tors. The displacement history as given in Section 2.7 was used to impose symmerric cycles
of link deformation. Each cycle began by displacing end A downwards relative (o end B of
the link. Illustrated in Figs. 3.18 and 3.19 are the V -y and M -y hysteretic loops for the link.

During the first half of Cycle 1 at a link shear force of 100.1 kips all web panels of the
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link developed yielding, see Fig. 3.20 (a). This shear force represented a 17 percent increase
over that for the bare steel link, Specimen D1. The link end moments M, and My were equal
to 0.97M, and 0.63M,, respectively. Therefore at initial web yielding M, was equal to
1.54Mp. Continuing the link deformation to 0.02 rad. caused strain hardening in addition to a
longitudinal surface crack in the floor slab above the link. Strain hardening during the reversal
of ¥ to complete Cycle 1 resulted in a further increase in the link shear force. At a y of -0.02
rad. of Cycle 1 the moment M, was equal to 1.18Mp.

During Cycles 2 through 4 the metal deck separated from the concrete along the link.
The longitudinal surface crack became more extensive, and a large transverse crack developed
in the floor slab above end B of the link which indicated that the rib had cracked. The link
shear force continued to increase in each successive half cycle, and as in previous tests the
deformed link shape resembled a parallelogram. The positive moment developed at end A
during Cycles 3 and 4 was less than the maximum positive moment obtained at end A in
Cycles 1 and 2. The slab damage caused the distribution of link end moments to change. At
10.06 rad. in Cycle 4, M, was 0.83Mz when M, developed a positive moment of 0.84M,,
and 1.25Mp when M, developed a negative moment of M,. Flange yielding occurred at end
A in the link during the second half of Cycle 4 at a ¥ approximately equal to -0.05 rad., when
M, was equal to 1.10M, and My was equal to 0.90M,. During Cycle 4 at a y of -0.06 rad.
the concrete in the deck gap above the link flange cracked and pushed out the fitted sheet
metal between the ribs, as shown in Fig. 3.20(b). | |

During Cycle 5 at a y of -0.07 rad. web buckling occurred in the center panel of the linkl
when the link shear force was 125.9 kips. At the same time, compression flange buckling
developed at end A of the link where M, was 1.10M, and M was 0.90M,,.

The cyclic web buckling phenomenon illusiraled earlier in Fig. 3.5 developed during
Cycle 6, as well as in each subsequent cycle of link deformation. In the first half of Cycle 6
at a y of 0.07 rad. the flanges and web stiffeners of the link center web panel began to distort.

At a y of -0.07 rad. in the second half of Cycle 6 the link developed a shear force of 129.2
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kips. This was the maximum shear force developed by the link, and represented a 29 percent
increase from the shear at initial web yielding. The maximum link shear force of Specimen
B1 was ten percent greater than the maximum shear force éieveloped in the corresponding bare
steel link, Specimen D1. A photograph of the link is shown in Fig. 3.20(c), indicating the dis-
tortion of the flanges and web stiffeners in the center pa.nél which developed during Cycle 6.

During Cycles 7 and 8 the flange distortion, web buckling, and web stiffener deformation
in the link became more pronounced. In Cycle 7 at a y of 0.08 rad. the compression flange at
end B of the link also developed buckling, as shown in Fig. 3.20(d). The corresponding
moment My was 1.07M,. The link maximum shear forces in Cycles 7 and 8 were less than
that in Cycle 6. The maximum negative link end moments for Cycles 7 and 8 decreased as
the corresponding positive moments at the other end of the link increased. The maximum link
end moment for the test developed at end A duning Cycle 8 at a y of 0.10 rad., when M,
reached a moment of 1.15M,. The corresponding moment My was 0.78M,. During Cycle 8,
upont unloading and proceeding 10 load in the opposite direction web tearing occurred in the
link center panel along a web stiffener. The link capacity rapidly deteriorated with increasing
deformation. The test was terminated at a v of -0.06 rad. before completing the second half
of Cycle 8.

An examination of the major floor slab after the test indicated that the floor damage
remained concentrated in the vicinity of the link. Fig. 3.21 shows the damaged floor area

above the link, The test beam showed no signs of yielding outside the link.

Test Specimen B2 - Specimen B2 simulated a link in an interior V-braced EBF with a
composite floor slab. The V -y and M -y hysteresis loops are shown in Figs. 3.22 and 3.23. A
series of symmetric deformation cycles were imposed to the link using the displacement pro-
gram described in Section 2.7. As in other specimens, each cycle of deformation began by
imposing a downwards displacement to end A relative to end B. The end A of the link was
adjacent to the simulated column restraint.

During the first half of Cycle 1 all of the link’s web panels yielded, as shown in Fig.
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3.24(a). The shear force at yield was 94.7 kips, which was 16 percent greater than the
corresponding value for the bare steel link, Specimen D2. At the onset of web yielding the
link end moment M, at the simulated column restraint was approximately equal to M,. This
value of M, was 2.09 times that of Mp. Continued link deformalion to a v of 0.02 rad.
caused strain hardening of the link. Upon reversing the link deformation, the slab contributed
to the stiffening of the test beam, for now moment My was greater than M, . On the slab sur-
face longitudinal cracks appeared above the link. |

In Cycle 2 greater plastic deformation developed in the link then in Cycle 1, and more
cracks appeared on the floor surface above the link. The M-y hysteretic loops indicate that
moment redistribution had occurred in the link during the second half of Cycle 2. Initially the
moment M, reached 1.1M,, following link yielding, then decreased as moment My continued
to increase. This phenomenon is shown in the M -y hysteretic loops for Cycle 2 and all cycles
subsequent to Cycle 2. At end B the slab appeared to increas;a the stiffness of the test beam
when a positive moment developed, for the redistribution of link end moments M, and M;
became more pronounced in the M -y relationships to the extent that My eventually exceeded
M, . Under the conditions when end B developed a negative moment, My is shown to never
exceed M, through moment redistribution. An examination of the V -y hysteretic loops indi-
cates that evidently My must have increased al a faster rate than M, decreased, since the link
shear force continued to increase in each cycle following web yielding.

During the cycles of link deformation following Cycle 2 the slab continued to suffer
damage, mainly in the vicinity of the link. This damage consisted of separalion between the
metal deck and the concrete slab above the link, and horizontal cracking along the north edge
of the slab at end A of the link. Fuﬁhennore; longitudinal cracks appéared on the siab surface
hlong the link, with transverse cracks occurring at end B of the link. The cracks or the slab’s
north .edge indicated that the shear connectors al ehd A of the link were beginning to pull out
of the concrete slab.

Al a link deformation of 0.08 rad. during Cycle 6 web buckling occurred in the center
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panel of the link. Some minor buckling also developed in the compression flange at end A of
the link. This occurred at a link shear force of 128.4 kips with a moment of M, equal to
1.14M,, .

The shear force in the link continued to increase, reaching a value of 130.7 kips at a y of
-0.08 rad. in the later half of Cycle 6. This was the maximum link shear force attained by
Specimen B2 representing a 38 percent increase since initial web yielding. Compared to the
corresponding bare steel link, Specimen D2, the maximum shear force of Specimen B2 was 11
percent greater. The maximum link end moment Mg had also developed during the latter half
of Cycle 6, where Mg reached a value of 1.23 M,. As the maximum shear force and
moment My developed in Specimen B2, the flange and web stiffeners of the center panel of
the link developed severe distortion, as shown in Fig. 3.24(c). During the transition from the
first to the second half of Cycle 6 the web buckling in the link followed the same cyclic mode
as illustrated in Fig. 3.5. This buckling became more pronounced with each cycle of link
deformation. Al the conclusion of Cycle 6 the concrete slab had begun to spall on contacting
the vertical plate representing a column flange at the simulated column resiraint.

Smaller link shear forces were developed at the peak values of y in the subsequent
cycles, indicating that the link capacity was deteriorating. Beginning with Cycle 7 tension
field action in the link is evident from the V -y hysteretic loops, where the lost capacity is par-
tially regained as 7y is reversed. During the first half of Cycle § at a link deformation of 0.10
rad. the metal decking buckled between ribs above the link. At the same time the shear con-
nectors completely pulled out of the concrete slab at end A of the link. Figure 3.24(d) shows
a photograph when the link deformation was 0.10 rad., illustrating the severe deformation of
the flanges and a web stiffener in the link center panel. Near the end of Cycle 8 web tearing
developed in the center panel of the link at the weld of a web stiffener, resulting in a rapid
decrease of the load camrying capacity of the link. The test was terminated after reaching a y
of -0.10 rad. An examination of the floor damage after the completion of the tesi, Fig. 3.25,

indicated that the major floor damage consisting of concrete spalling and major cracks had
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remained in an area that was above the link. The cracking of the floor slab outside of the link

area was minor. No yielding of the beam outside of the link was detected.

Test Specimen C1 - Specimen C1 involved the investigation of a link in an exterior K-
braced EBF with composite floors. The displacement program given in Section 2.7 was used
to impose a series of link deformations which simulated the response to the first 14.5 seconds
of the Taft earthquake which had been scaled to a maximumr ground acceleratién of 0.5g. In
addition, tests identified as Test 1, 2, and 3 were then conducted which involved imposing
three successive symmetric cycles of link deformation having amplitudes of 0,06, 0.08 and
0.10 rad., respeclively. The measured floor displacements, Fig. 3.26(a), of the Tsukuba lest
results [17] and the estimated link deformation history, Fig. 3.26(b), will be used to facilitate
the discussion. The link V -y hysteretic loops for the simulated scaled Taft earthquake are
shown in Fig. 3.27. These rgsulls are combined with the hysteretic loops of Test 1, 2, and 3
in Fig. 3.28. The corresponding M -y hysteretic loops are.>shown in Fig. 329, The link defor-
maticn history for the scaled Taft earthquake was started by displacing end A downwards rela-
tive 10 end B of the link. |

Yielding developed in all of the web panels of the link at pt. B in Fig. 3.26. The link
shear force was 86.? kips, which was two percent greater than that in the corresponding bare
steel link, Specimen D1. The photograph shown in Fig. 3.30(a), indicating the web yielding in
the link, was taken shortly afterl pt. B was reached. At the onset of web yielding, moment M,
was 0.81M, which was 1.41 times greater than moment Mg. Approximately midway through
the Taft earthquake, pt. D, a y of 0.044 rad. was imposed on the link. Fig. 3.30(b) shows the
link at that time, indicating a more developed yievlding in the web. This link deformation
resulted in cracking of the floor slab and separation of the metal deck from the concrete slab
above the link. The ribs of the slab also cracked near both ends of the link. The floor slab
cracks extended in a ransverse direction along the surface with respect to the longitudinal axis
of the link. When pt. F was reached in the link deformation history, imposing a y of -0.027

rad., the floor damage had become more extensive. Fig. 3.30(c) shows the floor damage with
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fully developed yielding in the link at pt. G in the deformation history. The link deformation
at this time was -0.027 rad.

The slab damage resulted in a change in the initial distribution of the link’s end
moments. Near the end of the simulated Taft earthquake the negative moment at end B
approached 1.9M,. At a positive moment at end B, My approached 1.2M,. An examination
of the M -y hysteretic loops reveals that the inelastic stiffness at end A and magnitude of M,
had decreased when it became positive.

The two largest successive peaks of link deformation during the scaled Taft earthquake
occurred at pts. J and K which had a y of 0.06 and -0.04 rad., respectively. As a result of
these sequence of deformations the maximum shear in the link developed during the scaled
Taft earthquake. The maximum shear in the link was 111.3 kips, which was 28 percent
greater then the link shear force at initial web yielding. The corresponding link moment Mg
was 1.13MP,, which caused flange yielding at end B of the link. Figure 3.30(d) shows the link
at the deformalion of 0.06 rad. The extensive web yielding can be judged by noting that most
of the white wash scaled off.

Upon unloading from pt. K the link response simulation to the first 14.5 seconds of the
scaled Taft earthquake was complete. An examination of the V -y hysteresis loops in Fig. 3.27
reveals that the link displayed stable hysteretic behavior and good energy dissipation. Increas-
ing plastic deformation resulted in continuing strain hardening. The link maintained parallelo-
gram shapes while undergoing cyclic deformation. Figures 3.31(a) and (b) show the rib dam-
age, mainly at the left end A of the link, and the transverse slab cracks above the link.
Overall, during the scaled Taft record the link performed very well with the major floor dam-
age confined to an area above the link.

Imposing greater ys in Tests 1, 2, and 3 resulted in a more extensive slab cracking of the
ribs and deck separation above the link. An examination of the M -y hysteretic loops indicates
that in each subsequent cycle of increased link déforma(ion, the negative end moment of the

link decreased near the termination of each half cycle as a result of the slab damage. How-
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ever, the comresponding positive end moment- continued to increase at such a rate that the link
shear force continued to strain harden.

At a v of -0.06 rad. in Test 1 the link compression flange buckled at end A, see Fig.
3.32(a). Al this point moment M, reached 1.15M,. During the ﬁr;v,l half of Test 2 at a y of
0.08 rad., web buckling developed in the center panel of the link, and the compression flange
buckled at end B when Mp reached 1.21M,. The flange and web stiffeners in the link center
panel began to distort during the second half of Test 2 as shown in Fig. 3.32(b). Also the
center panel began to show significant local deformation. The cyclic web buckling pattern
depicted in Fig. 3.5 developed during the remaining cycles of the test as the buckling became
more pronounced. As a result of continued strain hardening coupled with tension field action
in the link, the link maximum shear and end moment developed during the last half of Test 3
at a y of -0.10 rad. The maximum shear was 118 kips, representing a 35 percent increase from
the initial web yielding. The link maximum end moment developed at end A, where M, was
1.38MP. Fig. 3.32(c) shows the link at a ¥ of -0.10 rad. when the link maximum shear and
end moment had developed.

Test 3 was terminaleﬁ upon completing the current half cycle. Photographs shown in
Figs. 3.33(a) and (b) were taken after the completion of Test 3. The floor damage is shown to
have occurred mostly in an area above the link and consists of rib cracking, separation of the
metal deck from the concrete slab, and transverse surface cracks. A comparison with Figs.
3.31(a) and (b) indicates that increased floor damage of Specimen C1 occurred during the
severe cycles of link deformatioq which followed the scaled Taft earthquake simulation. Dur-
ing the testing of Specimen C1 there was no evidence of yielding of the beam outside of the
link.

Test Specimen C2 - Specimen C2 simulated a link in an exterior V-braced EBF with
composite floors. No lateral bracing by transverse beams was provided at either en.d of the
link. Using- the displacement program given in Section 2.7, an initial symmetric puise of link

deformation with an amplitude of 0.06 rad. was applied followed by symmetric cycles of link
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deformation which were similar to those for Specimen D2. The V -y and M -y hysteretic loops
are shown in Figs. 3.34 and 3.35. Each cycle of link deformation was initiated by displacing
end A of the link downwards with respect to end B of the link. As noted previously, end A of
the link was adjacent to the simulated column restraint,

During the initial pulse of ¥ in Cycle 1 web yielding occurred in the link as shown in
Fig. 3.36(a). The shear force at this initial web yielding was 85.9 kips, which represents a six
percent increase over that for the comresponding bare steel link, Specimen D2. Moment M,
was 0.77M,, which was 1.27 times greater than moment My. Continued link deformation
resulted in the development of transverse cracks in the slab above the link. In addition,
separation of the metal decking from the concrete slab along the slab’s exterior edge paralle] to
the link had occurred. Typically, the link’s shear force increased with sirain hardening.
Unloading and reversing the link deformation to complete Cycle 1 resulted in further floor
damage in the nbs above end B.

At ﬁe peak link deformation in all subsequent cycles the link end moments maintained
the same relative ratios. For a negative Mg, M, was equal, for a positive My it was approxi-
mately equal to 1.33M;. This distribution of end moments was a result of rib cracking at end
B of the link in Cycle 1. As end B was displaced down;vards the crack in the rib would open
as shown in Fig. 3.36(b). A reversal of the link deformation would close the crack in the rib.
Thus, the stiffness at end B of the link iI;creased when a negative moment was imposed which
closed the crack. During plastic deformation the link maintained a deformed paraliclogram
shape and continued to strain hardening. However, the shear force which developed in the
link did not exceed the maximum value developed in Cycle 1 until the imposed y became
equal to the maximum link deformation developed in Cycle 1. This occurred in Cycle S.
Also, the damage to the floor slab did not become more exlensive until y reached or exceeded
the maximum link deformation in Cycle 1. Buckling of the compression flange at end A in

the link occurred during Cycle 6 at a v of 0.06 rad. The comesponding moment M, was

1.08M,.
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During the first half of Cycle 7 with y equal to 0.08 rad. web buckling occurred in the
link center panel as the web stiffeners began to deform, as shown in Fig. 3.36(c). Upon
unloading and proceeding to a y of -0.08 rad., the flanges of the center panel of the link also
began to deform. The cyélic web buckling mede illustrated in Fig. 3.5 developed durning
Cycle 7 as well as in all subsequent cycles as the buckling became more pronounced. The
forces in the link were less at a ¥ of -0.08 rad. in the second half of Cycle 7 compared to the
first half when y was equal to 0.08 rad. This indicated that the link capacity was deteriorating.
Hence the shear force at the instant of web buckling was the largest shear ever developed in
the link. This shear force was 120 kips, representing a 40 percent increase from the initial
web yielding and a two percent grealer value than the maximum link shear force for Specimen
D2. At the instant of web buckling, the maximum end moment had also developed in the link.
This occurred at end A where M, had reached a moment of 1.14,, the corresponding
moment My was equal 1o 0.79M,,.

During Cycle 8 the flanges in the link center panei began 10 severely deform at the peak
v of 0.08 rad. Dunng the last half of Cycle 8 tension field action becomes quite noticeable in
the V -y hysteretic loops. As shown in Fig. 3.37(3) the floor develqped concrete spalling at the
face of the simulated column face where the slab was abutting against a vertical plate.

In an attempt to impose a y of -0.10 rad. during the second half of Cycle 9, web tearing
occurred along a web stiffener of the link center panel at a y of -0.07 rad. Continued link
deformation resulted in the capacity of the link deteriorating rapidly. With no lateral brac.ing‘
provided by transverse beams, there was significant twisting of the link cross section causing
lateral movement. This was an indication of the onset of lateral-torsional buckling. Hence, the
lest was immediately terminated to avoid damaging the hydraulic jacks. The maximum link
deformation developed in the second half of Cycle 9 was -0.09 rad. Figure 3.36(d) shows the
link at the end of the fest. An examination of the floor slab indicated that the major floor
damage had remained in the vicinity of the link, as shown in Fig. 3.37. The link appeared to

isolate itself from the remaining part of the floor slab because of the rib cracking at end B and
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spalling of the concrete floor slab. No yielding was found in the test beam outside of link.

3.4. Summary and Conclusions

The results of the tests indicate that composite links designed as short bare steel links
will yield predominantly in shear. Therefore, energy dissipation occurs primarily through web
yielding. Following initial yielding the links continued to strain harden to at least the point of
web buckling thereby enabling the links to develop larger shear forces than at the initial yield.
As a result, the link eﬂd moments eventually exceed M,. By comparing the performance of
the composite links with those of bare steel, it‘ was found that the shear yield strength and ulti-
mate shear capaciry of short links subjected to cyclic deformation is augmented by composite.
acﬁon. Composite action appears 10 have a greater affect on the links of interior EBF where
the average shear yield strength and shear capacity is noticeable greater than for the bare steel
links.

Composite floor systems increase the stiffness of the beams. The degree of increase in
siiffness depends on the extent of floor slab damage. The floor damage generally consisted of
a separation of the metal deck from the concrete slab, spalling and cracking of the concrete
slab, as well as slippage and failure of the shear connectors. This major floor damage became
more intense as the link deformations increased, however the floor damage remained in an area
that was in close vicinity of the link. Rib cracking near the ends of the link appeared to be
the major influence on the relative rotational stiffness of the link ends. If cracks becéme
closed, the rotational stiffness at that particular end of the link would increase compared to that
of a case when the cracks were open. As a result of floor damage from cyclic action the ratio
of the link end mements M, and Mg would not remain constant.

The end moments of the bare steel link in the K-braced EBF subassembly were found
not to be equal due to sensitivity in the values of the end moments resulting from the closely
spaced jacks relative to the test beam span length. These end moments, however, were closer

to being equal then the elastic link end moments in composite specimens and the bare steel
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link specimen which represented links in a2 V-braced EBF. It was found that larger elastic link
end moments developeq at the simulated column restraint in the links of the V-braced than in
the K-braced EBF subassemblies. An equalization of these end moments by moment redistri-
bution during plastic deformation did not occur in the bare steel links of the V-braced EBF
subassembly and the composite links of the exterior V-braced EBF subassemblies. However,
the composite link of the interior V-braced EBF subassembly showed a greater degree of
moment redistribution of the link end moments. With cover plates on the steel test beam,
moment yielding did not develop outside the link.

Several of the specimens had different histories of link deformation. However, the accu-
mulated angular deformation from the last point of Zero. shear to the point of web buckling, v, ,
. was approximalely equal for all specimens. Therefore, it appears that vy, is related to the hys-
leretic deformation of the cycle in which web buckling occurred. T'ﬁe value of v, was found
not to be significantly affected by composite action.

Web buckling in the link generally resulted in delerioration of the link load carrying
éapacily when subsequent link deformations exceeded 7y,. On the contrary, flange buckling at
the ends of a link did not inhibit the link from developing greater forces. These phenomena
were noted for both bare steel as well as for composite link specimens. By comparing the V -y
hysteretic loops for Specimen A2 with those for the other specimens having fewer stiffeners, it
is apparent that by prolonging or preventing link web buckling resul(s in the ability of a link to
strain harden and more effectively to dissipate additional energy. For the link with a larger
number of stiffeners a greater shear force could be developed.

Web stiffeners were found (o play an important role in the post buclfiing behavior of the
links. A decrease in the stiffener rigidity caused by their buckling still allowed the link to dis-
sipate energy in a stable manner even after the web buckled. However, within one 10 two
cycles after web-bﬁckling the siiffeners became so severely deformed that the tension field
could not be developed. This caused an extensive; damage to the-metal decking and concrete

slab. If for such cases the web sliffeners were made stiffer, the peformance of the link after
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web buckling would have been improved by maintaining stiffer boundaries around the buckled

web.

Severe cyclic web buckling coupled with buckling of the flanges and web stiffeners
caused a deterioration in the panel strength. The effect of web tearing was found to be catas-
trophic for the capacity of the link. A link which had developed web tearing was found to
possess a low resistance to lateral buckling in a case where no lateral bracing was provided.

Based on the observed experimental behavior of the spécimens, the following conclusions
can be made:

{1) Composite links initally designed as bare steel short links yield in shear and dissipate
energy pnmarily through web yielding.

(2) Composite action results in an increase in the shear yield strength and uliimate capacity
of links under cyclic loading. The interior links of EBFs with composite floor systems
benefit more from the composite action and attain greater yield and ultimate shear
strengths than comparable links in exterior EBFs.

(3) The relative magnitudes of the link end moments is affected by composite action, which
in turn is affected by the damage to the floor slab. Under cyclic loading the major floor
damage occurs in a local area of the slab above a link. Failure of the shear connectors
takes place mainly at the link with shear connectors pulling out of the concrete. Thé
floor damage causes changes in the relative rotational stiffnesses of the ends of the link.
Therefore the distribution of the initial elastic link end moments is not maintained.

(4) Strain hardening following the initial shear yielding of the link causes the link’s max-
imum end moments to exceed M,,. Larger link end moments are developed in composite
links than in bare steel links.

_ (5) Flange buckling at the ends of a link does not have a significant effect on the shear and
moment capacity of a link.

(6) The amount of link deformation 10 cause web buckling is independent of the previous

link deformation history. Web buckling occurs when the link deformation exceeds a
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specific value of link deformation v,. For éyclic loading this deformation ‘is measured
from the point of zero shear to the shear at web buckling corresponding to the half cycle
in which web buckling occurred. A diagonal lension field forms in a link panel where
web buckling occurs. If the web stiffeners do not possess sufficient stiffness, the tension
field action can lead 1o a severe deformation of the web stiffeners and flanges.

To avoid unsatisfactory post buckling link behavior, the web stiffeners should be
désigned to have both adequate strength and stiffness.

If an early pulse of link deformation leads to web buckling adverse effects do not
develop as long as in subsequent cycles the link deformations do not exceed vy,. In
situations where the cyclic link deformations exceed 7y, the link strength rapidly

deteriorates.
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CHAPTER 4

"ANALYSIS OF EXPERIMENTAL RESULTS

4.1. General

In Chapter 3, observations of the hysteretic behavior of each of the éight specimens were
discussed. Based on these observations general conclusions were made. In Chapter 4 a
detailed evaluation of the experimental behavior will be performed by analyzing the measured
data for each of the eight specimens. In order to draw general conclusions on the effects of
composite action in EBF, results of the analysis of each specimen will be compared. Topics
which will be examined will inciude Lhe‘ elastic state, yield state, and the inelastic state of the

link, along with the participation of the floor slab.

4.2. Elastic Link Behavior

During the initial elastic response of each specimen, data were gathered which enabled
the initial elastic link stiffness to be determined. For purposes of comparing the initial elastic
stiffness of different specimens, a pseudo-elastic link stiffness, K", was computed for each

specimen:

K =

=Y @.1)
v

where V is the link shear comresponding to the relative elastic vertical end displacement, v,

between the ends of the link. The computed values for K* are summarized in Tables 4.1 and
4.2 for the links of the K-braced and V-braced EBF subassemblies. In these tables K, and

K}, respectively, represent the value of K~ for Specimens D1 and D2. Accurate values of
K" were difficult to compute due to the small displacements associated with the initial elastic
response. Basing the computations of X~ on data from the X-Y recorders giving continuous

response curves during each test provided greater accuracy than using the discrete data from
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the scanner system.

It can be noted from Table 4.1 that X~ for the coniposite link for the interior K-braced
EBF subassembly (Specimen B1) is greater than X~ for the composite links of the exterior K-
braced EBF subassembly (Specimens Al and Cl). Specimen Bl has a 51 percent greater
value for K compared to the corresponding bare steel link (Specimen D1), while Specimens
Al and C1 have a value of X that is 24 percent greater. Likewise, Table 4.2 shows that K*
for the composite link for the interior V-braced EBF subassembly (Specimen B2) is greater
than K* of the composite links for the exterior V-braced EBF subassemblies (Specimens A2
and C2). Specimen B2 has a 17 percent greater value for K* than the cormesponding bare
steel link (Specimen D2), while Specimens A2 and C2 have an average value of K~ thal is
only about 6 percent greater than the corresponding bare steel link. Based on the results for
K®, it is evident that links with composite action have a greater initial elastic stiffness com-
pared to bare steel links. Furthermore, the composite links of the interior EBF subassemblies
have a greater X~ than those for the exterior EBF subassemblies.

The V -y hysteretic loops for each composite link test, excluding Specimen C1, were
superimposed on the V-y hysteretic loops for the corresponding bare steel link, as shown in
Figs. 4.1 through 4.3. An examination of these results confirms that the composite links have
a greater initial elastic stiffness compared to the bare steel links. However, afier Iimposing
cyclic deformations to each of the composite links, their elastic stiffness appears to deteriorate
to the level of the corresponding bare steel link. This is a consequence of damage to the floor

slab during the cyclic link deformation.

4.3. Link Yield Limit State

For each link specimen the shear force Vy and the largest of the two end moments M, at

initial yield are given in Table 4.3. In column 4 of this table V, of each composite link has

been normalized with respect to the corresponding shear yield strength Vf‘?” of a bare sieel

link. Table 4.3 indicates that the composite links have a greater V, than the corresponding
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bare steel links, ranging in values from 2 to 17 percent. The composite links of Specimens Bl
and B2 show the greatest increase in V,, being 17 and 16 percent above the comesponding
bare steel links.

To predict the yield limit state and inelastic behavior of links without the presence of
axial load, it is essential {0 know the form of the M-V interaction surface. This interaction
surface for bare steel links has been studied in the past, both experimentally and analytically.
Accordingly, in the present study the values of V, and M, for the eight links were normalized
by V, and M, of the bare steel link (see Table 2.6) and along with the results for previous
tests of bare steel links [3,6,7] are plotted on the M-V diagram shown in Fig. 4.4. In this
figure theoretical solutions by Hodge [43], Leth [44), and Neal {19] are also shown.

An examination of Fig. 4.4 indicates that the present tests appear to have a yield limit
state that is similar to the majbrity of the previous tests. The present experimental data on
bare steel specimen are in good agreement with Leth's solution. The same conclusion was
reached for the previous tests [7]. Leth’s solution also provides a better estimate of the M-V

yield state for the composite links compared to the solutions of Hodge and Neal.

4.4. Postyield Link Behavior

Afler shear yielding had developed in the web, the stiffness of the link would decrease as
inelastic deformation continued. The majority of the inelastic link deformation is due to the
inelastic shear strains developed in the web. This results in a shear mechanism where each
link assumes the shape of a parallelogram. Figures 4.1 1o 4.3 indicate that in the first com-
plete inelastic cycle of link deformation the composilé links sustain a grealer shear yield force
relative to the corresponding bare steel specimens. For Specimens B1 and B2 this
phenomenon is more pronounced compared to the other composite specimens. With each sub-
sequent cycle the shear force af th;e onset of yielding of the composite links comes closer 1o
the shear force at me onset of yielding of the corresponding bare steel links.

In all specimens strain hardening developed in the link during plastic deformation follow-
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ing shear yielding. Consequently, the link shear force of each specimen continued (o increase
after initial yielding. The influence of the effect of cyclic application of the loads and strain
hardening on the change in the link shear force was examined for each specimen. This was
done by determining the maximum shear force V;™** for each consecutive half cycle and the
cumulative relative displacement ductility I, for the link. Zp, was obtained by summing a

link’s relative displacement ductility p, for each half cycle, where p, is defined as:

'8

Av;
—_ (Av; 2 vy-)
P
My, = ' 4.2)
0 oAy < vy)

v

Here Av; = maximum relative displacement between the ends of a link during half cycle i as
shown in Fig. 4.5, and v, = relative displacement between ends of the link at initial yield.

Zy, therefore is representative of the plastic deformation accumulated by a link.
The result of plotting V,™* against Xy, for the links is shown in Figs. 4.6 1o 4.11.
These results indicate that V;™** increases by strain hardening until shortly after web buckling

occurs. Thereafter V;™* begins to decrease for all specimens, excluding Specimens A2 and

Cl. As was noted previously, web buckling did not occur in Specimen A2 because of‘ the
closely spaced web stiffeners. For Specimen C1, V,** continued to increase slightly after web
buckling.

A summary of the maximum shear forces V_,, developed in the links is given in Table
44. As shown in column 3 of this table, cyclic strain hardening resulted in maximum shears
ranging from 1.29V, to 1.44V, for links exhibiting web buckling. Because web buckling did
not develop in Specimen A2, a larger shear force of 1.53V, could develop. The average of the
composite link maximum shear force was 1.36V, for the links of the K-braced EBF subassem-
blies (Specimens Al, Bl, and CI), and was 1.39Vy for the composite links of the V-braced

EBF subassemblies, excluding Specimen A2 (e.g. Specimens B2 and C2). These average
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values are very close to the increases in the shear force relative to V, for the corresponding
bare sieel specimens, where V__ was 1.38V, and 1.44V, respeclively, for the link in the K-
braced EBF subassembly (Specimen D1) and the V-braced EBF subassembly (Specimen D2).

A direct comparison between the V., of the composite links and the maximum shear

force V22 of the comesponding bare steel links is shown in column 4 of Table 4.4. This

comparison, excluding Specimen A2, indicates that the interior composite links (Specimens B1

and B2) have the largest increase in V ,, relative to V32 where V_, is equal to 1.10V5Bare

Bare

for Specimen B1 and 1.11V 5 for Specimen B2, Specimen A2, a composile exterior link of

' : Bare
max Telative to V07 due

a V-brace EBF subassembly, shows a 13 percent increase in V
mainly to the fact that web buckling did not occur in Specimen A2. The exterior composite

link of the other V-braced EBF subassembly (Specimen C2) developed web buckling and as a

result shows no apparent increase in V ,, relative 10 Vﬁ"a;". However, the exterior composite

links of the K-braced subassemblies (Specimens Al and C1) had an average increase of five

percent in V. relative to VB¢,

Strain hardening of the links is a combination of kinematic and isotropic hardening. This
Is evident from the V -y hysteretic loops shown inl Figs. 4.1 10 4.3, where during the elastic
response the height of the hysteretic loops increases in each subsequent cycle before yielding
occurs. For Specimens D1 and B1, which had nearly the same link deformation history, the
isotropic hardening of the V -y hysteretic loops was examined by determining the increase in
shear yield strength as a result of cyclic link deformation. For a given current half cycle the
shear force at the onset of yielding was determined by the procedure shdwn in Fig. 4.12,
which involved drawing a line parallel to the elastic curve and a line parallel to the stiffness of
the fully plastic link. The point of intersection of these lines, pt. B, was used as the state
where the onset of yielding occurred for the current half cycle. The shear force AV, required
to unload from lhe previous yield state, pt. A, to pt. B was then delermined as shown in Fig.

4.12. For the first half cycle AV, was set equal to twice the initial shear yield strength. The
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plastic link deformation of the current half cycle, y,, was taken to be from pt. B 10 the peak of
the current half cycle, pt. C. AV, and y, were then normalized with respect to the shear force
V,, and link deformation ¥, at initial yielding of the first half cycle. The non;rnalized value of
AV, was then plotied against the accumulated normalized values of y, from the previous half
cycles. This process was repeated for each of the half cycles for the complete deformation
histories of Specimens Bl and D1. These results are sho»'vn in Fig. 4.13,

The onset of yielding shown in Fig. 4.13 progressively occurs at greater values of AV, of
successive half cycles, illustrating isotropic hardening behavior of the link in shear. It appears
that the composite link (Specimen B1) has less isotropic hardening then the bare steel link
(Specimen D1). However, as shown in Fig. 4.1(b), Specimen Bl has a greater stiffness than
that of Specimen D1 when the link is fully plastic. This phenomenon is also true for the other

composite links as shown in Figs. 4.1 10 4.3.

Comparisons between the M -y hysteretic behavior for link end moments of Specimens
Bl and B2> and their corresponding bare stéel links, Specimens D1 and D2, are shown in Fig.
4.14. The nomenclature and posilive sign convention for the link and moments was shown
previously in Fig. 3.1. Figure 4.14 shows that during the first cycle of link deformation, the
composite links develop greater magnitudes of elastic stiffness and positive moments compared
1o the corresponding bare steel links. The deterioration of the elastic stiffness at the end of the
links is shown 10 occur during subsequent cycles as a result of slab damage in the vicinity of
the link. Figure 4.14 also shows that the M-y hysteretic loops are slightly pinched in
advanced cycles of testing when posilive moments develop, leading to an increase in stiffness
following closing of the cracks in the floor slab at ¥ = 0. Consequently, the composite links
developed greater ullimate posilive end moments than the corresponding bare steel links.

For Specimen B2 the increase in the inelastic stiffness under positive moment compared
to the corresponding bare steel link is more substantial than that for Specimen Bl and its
corresponding bare steel link. The pinching of the M -y hysteretic loops is not however very

severe, particularly when comparing it with the cyclic response of a long composite floor beam
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[22] shown in Fig. 4.15. The pinching of the M -y hysleretic loops does not occur when the
ends of the links are subjected to a negative moment since the inelastic stiffnesses of the com-
posite links remain essenually constant. This hysteretic behavior was typical for all composite
links except for Specimen B2 at the simulated column restraint. In Specimen B2 at the simu-
lated column restraint the moment M, was found 1o redistribute to end B of the link, as. previ-
ously shown in Fig. 3.23.

The maximum positive and negative link end moments for all specimens pertaining to
links in the K-braced EBF subassemblies are summarized in columns 2 and 3 of Table 4.5.
These moments represent the largest magnitude of positive and negative link end moments
which must be resisted by the combined flexural strength of the brace and floor beam outside
the link in a K-braced EBF. An examination of columns 4 and 5 in Table 13 indicates that
the maximum end momentis of all Iinks‘ in the K-braced EBF subassemblies exceed the
moment capacity of a bare steel section, M. Also, the maximum link end moment of the
composite links are greater than that of tt.le corresponding bare steel link (Specimen D1). The
increase in the maximum end moment of the composite links relative to that of the correspond-
ing bare steel link ranges from less than one percenti (Specimen Al) to 25 percent (Specimen
C1). Columns 6 and 7 of Table 4.5 indicate that the magnitudes of the maximum link end

moments were less then the monotonic positive moment capacity of the links based on full

composite —action, M. The composite links developed only 0.58M,;, to 0.75M,;, maximum
end moment, indicating that it is necessary to account for the reduction of the shear
connector's monotonic shear strength and the effects of slab damage when dealing with cyclic
behavior.

Table 4.6 summarizes the maximum positive and negative link end moment for both ends

max

of the links periaining to the V-braced EBF subassemblies. The values of M/** in columns 2

and 3 of this table represent the largest magnitudes of positive and negative link end moment

which must be resisted by the columns of a V-braced EBF. Values of My™* in columns 4 and

5 represent the largest magnitudes of positive and negative link end moment that must be
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resisted by the combined flexural strength of the brace and link beam oulside the link of a V-

braced EBF. An examination of columns 6 through 9 in Table 4.6 indicates that the values of
M are greater than the values of Mg * for all links for except Specimen B2. For the links

which exclude Specimen B2, the values of M exceed M, with Mg"*" at mosi approximately
equal to M,. Consequenlly, the equalization of end moments did not occur in the links of
these specimens. For Specimen B2, the effect of composite action lead to a greater amount of

redistribution of the link end moments resuliing in an equalization of end moments, where the

value of Mg"* for a positive moment was equal 1o 1.23M,,. The values of M,™* and Mg""* of
the composite links are larger in most specimens than those for the bare steel link, Specimen
D2. Excluding Specimen A2, the interior composite link (Specimen B2) developed the largest
(14 percent) increase in M ™™ relative 10 the bare steel link. Specimen C2, an exterior compo-

site link, did not develop an increase in M,™* compared to the bare steel link. Because web

buckling did not occur in Specimen A2 the. increase in M ™" was the largest of all the compo-

site links (25 percent) relative to the bare steel link. However, an increase of 38 percent in

Mg"™ by Specimen A2 relative to the bare steel link was smaller than the increase of the other

composite links given in Table 4.6. Specimen B2 developed as much as a 48 percent increase
and Specimen C2 a 42 percent increase in Mg""* relalive to the bare steel link. Columns 10
through 13 of Table 4.6 show that the magnitudes of M/ and Mg" had a range from

0.42M.} 10 0.74M,), and therefore did not reach M,},. Thus, full composite action was not
maintained in the links.

The above findings with regard to the differences in the post yield behavior of composite
links and bare steel links, as well as the elastic and yield limit states, should have an influence
on the response of an EBF. It is essential that these ﬁndings be considered in the formulation

of a cyclically loaded link model in order to achieve accurale nonlinear analysis of EBFs.
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4.5. Jack Forces

As noted in Chapter 1, it is important to design the braces in an EBF to remain elastic
under extreme loading conditions and not to buckle. This will maintain the strength and
energy dissipation capacity of the links and an EBF. Indicated in Fig. 4.16 are the measured
jack forces P, and Py for each specimen when the initial web yielding, P,, of a link had
occurred, and when the maximum jack forces, P ,,, were applied to the specimen. P, and
Py for the K-braced subassembly are related to the axial brace forces in K-braced EBFs. The
jack forces (Pp) for the V-braced subassemblies are related to the axial forces in the braces,
and forces (P4 ) are related to those in the columns. It is apparent from Fig. 4.16 that the
composite specimens developed larger values of P, and P, compared to the those in the
steel specimens (Specimens D1 and D2). Furthermore, in all cases the forces P, were larger

than Pp. This was more pronounced in the V-braced simulated subassemblies.

In Table 4.7 the values of P, for the K-braced EBF subassemblies are compared 1o
PBare of Specimen D1. The values of P, used in developing this table are the largest ones

for P, and Pg. The values of P, relative to PB%¢ are greater when the jacks are in tension
because this results in pulling down of the end of the link, causing a positive moment resu_lling
in compressive stresses in the slab. This assertion is substantiated by the results in Table 4.7.
However, the difference in P, between the compression and tension jack forces is rather
small. This difference is only about one percent for Specimens Al and Bl, and 10 percent for
\ Specimen C1. The composite interior link of Specimen B1 developed the largest increase of

P relative to the bare steel link (14 percent). As can be seen from columns 2 and 3 of

max

Table 4.7, the exterior composite links in the K-braced subassemblies developed at most an 11

percent increase in P, relative to the bare steel link.

In Table 4.8, P, is compared to P24 of Specimen D2 for both ends of the link in the

V-braced subassemblies. As in the previous case, slightly larger values of P, relative to

pBare develop in the V-braced EBF subassemblies when the jacks are in tension. The largest
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tensile jack forces P,,,, developed in Specimen A2 relative to the bare steel link (17 percent at
end A and 12 percent at end B). This was primarnly due to the fact that no web buckling

occurred in Specimen A2. In another exterior composite link, Specimen C2, web buckling in
the link had occurred and as a consequence P, was equal to l.OIP,‘f,‘;;’ al end A and

1.07P52¢ at end B. Of the links exhibiting some web buckling, the interior composite link

Specimen B2 developed the largest values of P, where at end A P, was equal to

1.08P 327 and at end B 1.11P 2% Thus, relative to the bare steel link this specimen showed
a larger increase in the jack forces at end B of the link compared to end A. Specimen A2
developed the opposite effect where the lack of web buckling resulted in a larger increase in
P .. occurring at end A.

Hence, it can be concluded that the composite specimens develop larger jack forcés than
the cormresponding bare steel counterparts in both the K-braced and V-braced EBF subassem-

blies. Excluding Specimen A2, the interior composite links develop the largest‘ increase in the

jack forces relative 1o the bare steel links. The average increase in the jack forces relative to
the corresponding values of P29 for each specimen (column 4 in Table 4.7 and column 6 in

Table 4.8) are very consistent with the increase in V', relative to V52 of the link (column 4
of Table 4.4). However, the increase in P,, is slightly greater than V., relative to the bare
steel link due to the floor slab transferring some of the applied load to adjacent floor beams.

This phenomenon will be elaboraled on later in this chapter.

4.6. Energy Dissipation

The effects of composite action, load history, and web buckling of the link on the energy
dissipation process are of major importance in designs of EBFs. Therefore, the energy dissipa-
tion characteristics were calculated for all specimens. The calculations of the energy dissipa-
tion for each specimen were based on the load-displacement hysteretic loops for both jacks,
therefore the results represent the energy dissipated by the entire specimen and not just that of

the link. However based on the observations of the experimental behavior described in
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Chapter 3, it appears that most of the energy is dissipated by the link through web yielding.
The two energy quantities determined for each specimen were: £y, the energy dissipated dur-
ing each half cycle which has been normalized by the energy that would have been dissipated
during the same half cycle by an elastj;:-.perfeclly plastic system having the same yield strength
and going through the same inelastic displacement; and £z, the accumulated energy dissipated
by the specimen. The cumulative relative displacement ductility Zy, of the link was used as
an independent variable for plotting the energy dissipation history of each specimen.

The results of plotting Ey against X, are shown in Figs. 4.17 and 4.18 for the various
specimens. From these resulls the dissipation of energy by specimens with nearly identical
link deformation histories (Specimens Bl and DI in addition to Specimens B2 and D2) is
approximately 10 percent greater in the composite specimens coml;ared to the bare steel speci-
mens for the same value of Zp, . Specimen C1, subjected initially to a link deformation his-
tory which simulated the link deformation during a scaled record of the Taft earthquake, dissi-
pated considerably less energyv than other specimens with the same amount of £y, . Unlike the
other specimens, during the initial deformation history of Specimen C1 the link was not sub-
jected 1o a sequence of cyclicly symmelric half cycles where each successive cycle had consid-
erable amounts of plastic deformation. Instead, for Specimen C1 cycles of elastic deformation
and minute plastic deformation along with a few cycles of large plastic deformation were
developed in the link at various stages of the test. Consequently, Specimen C1 did not dissi-
pate as much energy as the other specimen for the same amount of plastic deformation.
Therefore it is apparent that the energy dissipation process of a link is related to its deforma-
tion history. |

The normalized energy dissipated per half cycle, Ey, is plotted against Ty, in Figs. 4.19
to 4.24 for examining the effect of web buckling on the energy dissipation capacrity of links.
In these figures the decrease of energy dissipation capacity of links is shown to occur after the
development of web buckling. In Fig. 4.22 Specimen A2 shows no deterioration in its energy

dissipation capacity because of the faci that web buckling did not occur, while the energy dis-
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sipation capacity of Specimen D2 deteriorates after web buckling had occurred. An examina-
tion of the results for Specimen Al, Fig. 4.19, and for Specimen C2, Fig. 4.24, indicates that
an early pulse of link deformation affects only the energy dissipation capacity in cycles subse-
quent to web buckling. Specimen Al does not maintain the same level of Ey in the cycles
follovﬁng web buckling whereas Specimen C2 is able to maintain the same level of £y fol-

lowing the initial pulse because web buckling did not occur in the link.

4.7. Prediction of Web Buckling

It was noted in Chapter 1 that two previous studies on bare steel links pursued systematic
efforts for inhibiting web buckling. The first one of these by Hjelmstad [3] empirically related
web buckling 10 energy dissipation and energy absorption for a given stiffener spacing and

web thickness. This was expressed by two relations:

*

E

a I

— = 90 - 9 In| —— 1.1
. 90 - 9 In E (1.10)
a _ 94-14111[5 ] - (1.11)
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The definition of the terms in these equations is given in Chapter 1. Excluding Specimen A2
from consideration, and using the stiffener spacing ¢ and web thickness t,, of the link for all
other specimen.é, Eqs. 1.10 and 1.11 result in predicting web buckling when either one of the

following two criteria is met:

Eg
— = 136 4.
E, 369 4.3)
E* _
T 138 “4.4)

The values of E5/E, and E"/E, for the specimens were determined at web buckling and are

summarized in Table 4.9. By comparing the results given in Table 4.9 with the criteria of



b4

Egs. 4.3 and 4.4 it appears that neither one of the relationships is sufficiently accurate for

predicting web buckling of the bare steel links as well as the composite links. Furthermore, in

this table a comparison of Specimen Al with Specimen C1 indicates that E E/E, at web buck-
ling does not have the same value for two specimens which have similar web stiffeners and
link properties but significantly different link deformation histories. Therefore, since different
link deformation histories are likely to be produced by different earthquakes, ihe use of Eq.
1.10 does not appear to be appropriate for predicting web buckling.

In a more recent second study on web buckling noted in Chapter 1, a different criterion
was developed [7] which defines an allowable link deformation ¥, for a half cycle for inhibit-

ing web buckling as

Y, = 8.7 K,(a)[%] : (1.12)

The definition of the above terms can be found in Chapter 1.

Using the averaged measured dimensions of the steel sections of the specimens summar-
ized in Table 2.7, the value of y, based on Eq. 1.12 was found to be 0.15 radians. This value
of v, defines the instant when web buckling is likely to occur. The measured values of y, at
web buckling for the specimen are given in Table 4.10. These results show reasonable agree-
ment with the predicted value of 0.15 rad. for both the bare steel and composite links. There-
fore, this criterion appears to be sufficicntly accurate for predicting web buckling in links. It is
also convenient for use, since the value of y, can be readily determined for any given link,
Kasai [7] has extended the criterion by recasting Eq. 1.12 into a form which relates the link
beam depth 4, web thickness ¢,,, and web stiffener spacing a to the angle of maximum Link

deformation y, defined in Fig. 4.25. This result appears as:

56, for y, = 0.03
fl— =Cp = 438, for y, = 0.06 4.5)
"

a .
tW
29, for y, = 0.09

1
5

where for other values of y,, Cg can be linearly interpolated. This makes this criterion
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attractive for design purposes since the current seismic design philosophy' in codes [58,66] is

related to vy, .

4.8. Floor Slab Participation

Vertical Sla‘b Displacement - By imposing deformation to the steel link, deformations
and forces are developed in the floor slab. An isometric view and contours of measured verti-
cal displacements of the floor slab for Specimen Al are shown in Figs. 4.26 to 4.28 at a link
deformation of 0.01 rad. during Cycle 1 and at a link deformation of 0.06 rad. during Cycle 5.
For Cycle 1 the floor slab in Fig. 4.26 appears to deform as a plate subjected to biaxial
moment, developing curvature along the x and y axes as a result of the displacement in the
vertical direction along the z axis. The largest magnitude of the vertical floor slab displace-
ment, w.,, occurs along the floor beam outside the link due to the elastic curvature of the
floor beam. Figure 4.27 shows the relative vertical displacement, A,, between the the max-
imum and minimum contows to be 0.28 in. for Cycle 1, which is equal to 1.65 times the rela-
tive vertical displacement between the ends» of the link. As link yielding and sla-b damage
develop in Cycle 5, the locations of the maximum and minimum vertical displacement con-
tours remain outside the link, as shown_in Fig. 4.29. The value of A, corresponding 1o these
contours is 0.90 in., which is equal to 1.47 times the relative vertical displacement between the
ends of the link. It is apparent that even after the floor beam develops a shear mechanism dur-
ing Cycle 5 that elastic curvature persists in the floor beam outside the link, as shown in Fig.
4.28. The consequences of developing a larger magnitude of vertical displacement in the floor

slab increases a possibility of nonstructural damage outside the link.

Outrigger Effect - The fact that the floor slab was found to develop curvature along
both the x and y axes suggests that perhaps some of the applied load was transferred to the
adjoininé floor bgams. This can be referred to as the oufrigger effect. The load which is
transferred to the adjacent floor beams develops reactions in the test frame’s shear tabs and the

supports of the pinned columns (see Fig. 2.5) supporting these beams. Having anticipated this
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phenomenon, all of the test frame’s shear tabs and supports of the pinned columns were instru-
mented with calibrated load cells in order to measure the load resisted by all floor beams. The
measured reactions of all the floor beams during testing of Specimens Al and B1, respectively,
are shown in Figs. 4.30 and 4.31. These particular specimens were selected for discussion
because they represent the tests in which the adjacent floor beams developed the largest reac-
tions. These results indicate that the load transferred by the slab to the adjacent floor beams is
less than 10 percent of the load transferred to the supbons of the floor beam to which the load
was applied.

By treating the floor system as a beam on an elastic foundation [46,47], the outrigger
effect can be approximated. The stiffness, £, of the elastic foundation is a function of the
spacing of the floor beams, b, the slab flexural rigidity, (E/),, and the boundary conditions
along the edges of the slab at the adjacent floor beams, as shown in Fig. 4.32(a). Several ana-
lyses were performed to determine the load transferred to the exterior floor beams from the
interior floor beam of the K-braced EBF subasse‘?ﬁbly (Specimen Bl). In each analysis a
different beam spacing & was used. The interior beam was idealized as shown in Fig. 4.32(b).
Concentrated forces P were applied al each end of the link acting in opposite directions 1o
simulate the jack forces. The flexural rigidity EJ for the floor beam was determined by using
the average of the measured properlies given in Tables 2.3 and 2.7. For an assumed value for
beam spacing the stiffness & of the elastic foundation was determined as shown in Fig. 4.32(a).
The flexural rigidity (£1), for the floor slab was based on the average of the measured proper-
ties perpendicular to the ribs as given in Table 2.8.

The results of the analyses are shown in Fig. 4.33, where they have been normalized into

a dimensionless form. In this figure B is defined as:

L ,
B= [m] (4.6)

In Fig. 4.33 the range in which the experimental conditions exisis are noled. The lower bound

solution assumes thal in calculating the foundation stiffness & the floor slab is pinned at the
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exterior floor beams while the upper bound solution assumes that the floor slab is fixed against
rotation by the 1orsional stiffness of the exterior floor beams. The range of the measured reac-
tions of the exterior floor beams for Specimen Bl is also noted in Fig. 4.33. The predicted
amount of load transferred to the exterior floor beams appears to agree reasonably well with
~ the measured experimental data. If the adjacent floor beams had been spaced closer the force
transferred to such beams would have been greater. Using the dimensionless curve of Fig.
4.33 and assuming the lower bound solution, it was determined that by decreasing the existing
floor beam spacing to 42 in,, i.e., by a factor of two, the load transferred to the exterior floor
beams would increase by a factor of about seven. By applying in the same manner the upper
bound solution, the load transferred to the exterior floor beams would be increased approxi-

mately by a factor of 4.5 (see pts. C and D in Fig. 4.33).

Link Axial Deformation - Fig. 4.34 shows axial link deformations A, plotted against
relative end displaceménts of the link, v, for Specimens B1, C2, and D1. Similar data are
plotied in Fig. 4.35 for Specimens Al and B2. These diagrams show that the links appear to
elongate in the early stages of link deformation. The link elongations for all of these speci-
mens were about the same. For example, the interior composite link of the K-braced EBF
subassembly (Specimen B1) developed a maximum eclongation of 0.05 in., the exterior compo-
site link of the same subassembly (Specimen C2) a 0.07 in. maximum elongation, and the bare
steel link (Specimen D1) a 0.08 in. elongation. The exterior composite link of the K-braced
EBF subassembly (Specimen Al) and the interior composite link of the V-braced EBF
subassembly (Specimen B2) both had a maximum link elongation of 0.08 in.

A sudden shortening of the links occurs in advanced stages of the link deformation his-
tory. This is due to flange buckling of the middle panel of the link being induced by the ten-
sion field action after the development of web buckling. The bare steel link (Specimen D1)
during lime final excursion had a maximum link shortening of 0.55 in. With the concrete slab
atiached to the top beam flange of Specimen B1, the axial shortening of the link during the

final excursion was only 0.09 in. The axial shortening of the link for Specimen C2 was simi-
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lar to that of Specimen D1, and had the maximum link shortening of 0.50 in. Apparently
Specimen C2 did not benefit from the attached concrele floor slab because the link was located
at a corner of the floor slab. Specimens Al and B2 had a maximum link shortening of 0.13
in. and 0.37 in., respectively, during their final excursions. As a result of the link being
closer to an edge of the floor slab these specimens were not as restrained as Specimen BI,
consequently they developed a greater link shortening than Specimen B1.

The above resulis indicate that both the bare steel and composite links develop about the
same axial elongation. However, the length of the link decreases after flange buckling occurs
in the link due to tension field action. The floor slab partially restrains the link against axial
shortening, where the composite links of the K-braced EBF: subassemblies (Specimens Al and
B1) were more restrained by the floor slab than the links of the V-braced EBF subassemblies

(Specimens B2 and C2), and therefore developed less shortening.

Concrete Floor Slab Damage - The measured longitudinal straihs €, give an indication
of the damage to the concrete of the floor slab. These strains were measured on the top sur-
face of the floor slab using an array of clip ‘gages shown previously in Figs. 2.25 and 2.26.
The strain data corresponding to points 1 through 7 in Fig. 4.36 are plotted for Specimen Al
along transverse sections in Figs. 4.37 to 440. In a similar manner, the strain daa
corresponding to points 1 through 6 in Fig. 4.41 have been plotied for Specimen Bl in Figs.
4.42 10 4.45, while the strain data corresponding to points 1 through 6 in Fig. 4.46 have been
plotted for Specimen B2 in Figs. 447 to 4.50. These specimens are selected for discussion
since they were affected the most by composite action. Similar data are plotted along longitu-
~ dinal sections in Figs. 4.51 to 4.53 for €, direcily above the floor beam and at a distance of 24
in. from the beam’s centerline.

An examination of strains along the transverse sections shows that their maximum mag-
nitudes generally occur directly above or in the vicinity of the floor beam where the loads are
applied. The strain €, decays with distance from a floor beam. From the longitudinal sections

it can be scen that larger sirains develop in the slab above or near the link at locations where
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major transverse cracking and spalling of the concrete floor slab occurs.

As the magnitude of link deformation is increased, the magnitude of €, appears to
increase more near the ends of the links than at other locations. Large strains along the longi-
tudinal sections at 24 in. from the floor beam occurred mostly near the ends of the link, and
were due to the combihed effect of large link deformations and extension of the transverse
cracks from the link area. In Specimens Al and Bl, both belonging to K-braced subassem-
blies, the floor damage appears to have a grealer tendency to attenuate in a transverse direction
from the link along cracks in the floor slab. In Specimen B2, belonging to a V-braced EBF
subassembly, a tendency for the floor slab damage to attenuate perpendicular to the link
remains, however €, outside the link above the floor beam has a tendency to increase.

The slip Bf between the steel beam and concrete slab for Specimens B1 and Al is shown
in Figs. 4.54 and 4.55. These figures indicate that inside the link slip between the steel beam
and concrete slab occurs during the first cycle and increases in magnitude with conlinued
cyclic link deformation. The slip 8, is seen to be considerably more inslide the link compared
to outside the link. In Specimen Bl the measured slip 8, outside the link at a distance of 18
in. and 53 in. from the end of the link were 5 and 30 times, respectively, less then &, in the
link. For Specimen Al, 8f measured at a distance of 18 in. outside the. link is 30 times less
then the maximum §; measured in the link. The slip between the steel beam and the fioor
slab results in a reduction of shear transferred by the shear connectors between the two media,
leading to a loss in composite action. The deteri(;ration of full composite action occurs pri-

marily in the link.

Effective Slab Width - The effective width 5,5 of the slab was calculated based on the
stress distribution, and also the stiffness of the floor beam outside the link based on measured
experimental data. The purpose of calculating b,y was 10 examine its variation along the test

beam, and to compare b,; as defined above with the AISC Specification [20].

The effective slab width based on stress distribution, b,}, was calculated for the speci-

mens using the. available measured data for longitudinal strain €,. Since it has been found by
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previous researchers (48,49] that for cyclic loading conditions the determination of stress from

cyclic strain is difficult, b;f was determined only for the first cycle. The concrete stresses

were determined from the measured compressive strains using the Hognestad stress-strain rela-

tionship for concrete [50]. Then b,} was calculated using the following definition:

Jo. oy

by =
k G:(y)max

(4.7)

where for beam spacing b the limits of integration should not exceed £0.55.
The calculated results for b,% are shown in Figs. 4.56 and 4.57 along with b,; based on

the AISC Specification. It is apparent from the experimental results that the value of bg for

the composite specimens varies along the beam, and it is a minimum at the link. Furthermore,
b,} is smaller at the exterior beams (Specimens Al and C2) compared to the interior beams

(Specimens B1 and B2). The indicated values for b,}} represen! the upper bound values. Sub-
sequent cycling of a link would likely reduce these values because of the deterioration in the
composite action due to slip between the steel beam and the concrete slab as well as cracking
of the slab.

Comparing the above results with the AISC Specification shows that outside the link b, gz

is smaller than b,%. The variation in b,; along the floor beam is also not accounted for by the

the AISC Specification. For an interior composite floor beam b, based on the AISC

Specification shows a reasonable agreement with the experimental resulis for b,"ﬁr at the end of
the link. There is less such agreement for the exterior composite floor lbtvaams. Nevertheless,
the AISC Specification provides a reasonable lower bound for by for the exterior composite
floor beams. Due to the effects of cyclic degregation, the effective width given by the AISC
Specification may not agree well with the experimental results from subsequent cycles. This

assertion however requires further experimental verification.

The effective slab width b,? based on the floor beam stiffness was determined from the

rolational stiffness of the floor beam outside the link. The rotations ©° and the vertical
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displacement A measured at end of a link were used to calculate the rotation ©,., from the
chord of a floor beam outside the link as shown in Fig. 4.58. Values of moment M and rota-
tion &, based on the experimental data are plotted on M -©_, diagrams in Figs. 4.59 to 4.64.
These results show that the beam stiffness outside the link does not experience a significant
reduction in stiffness under cyclic action of the link. Furthermore, the cyclic M -©_, behavior
closely fits a bilinear relationship where the beam stiffness outside the link is greater when
subjected tc a positive moment than a negative moment.

A linear regression analysis was performed on the M-®_ results for each composite
specimen in order to establish a bilinear relationship between M and ©_,. Then using an elas-
tic solution for a simply supported beam subjected (10 an end moment, the rotational stiffness

provides an expression for an estimation of the effective moment of inertia, I,ﬁ. On this basis:

J. = ML
7~ 3EQ,

(4.8)
where E and L*, respectively, are the elastic modulus of the steel beam and the span length of
the floor beam between the support and the link, as shown in Fig. 4.58. The effective slab

width bq?' was then determined based on the computed values of /.

The calculated values for Iz in a nondimensionalized form are shown plotted in Fig.

4.65, where Iq} represents I,z for a positive moment and /4 represents [z for a negative
moment. / is the moment of inertia of the steel beam given in Table 2.7, Linear regression
analyses were performed on these results to establish the average values for /5 for the exte-

rior and interior composite floor beams. Figure 4.65 indicates the ensuing linear relationships,
where I is equal to 1.3714 for the exterior composite floor beams and equal to 2.031 4 for

the interior composite floor beams. It was found that the average value of Iz for both the

interior and the exterior composite floor beams, respectively, was equal to 1.28/. Therefore,
14 is equal to 1.75/ for the exterior and 2.60/ for the interior composite floor beams. The

ensuing values for b,g for positive and negative moment are given in Table 4.11, where b3
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for positive moment is equal to 5.9 in. for the exterior and 17.4 in. for the interior composite
floor beams, and is 2.2 in. for both the interior and exterior composite floor beams when sub-
jected to a negative moment.

Comparing he effective width based on beam stiffness with that based on stress distribu-

tion, shown in Figs. 4.56 and 4.57, it is apparent that bq?r is significantly smalier than b,%.
The AISC Specification substantially overestimates b,r for beam stiffness, as indicated in

these figures as well as in Table 4.11.

4.9. Effectiveness of Floor Slab as Lateral Bracing

It is important to have steel beams adequately braced againsi lateral movement to prevent
lateral-torsional buckling. Otherwise the capacity and ductility of the link can be greatly jeop-
ardized. Lateral-torsional buckling of bare steel beams has been studied exterisively in the
past, both experimentally and analytically [52,53,54,55). Less research has been conducted on
the lateral-torsional buckling of composite beams [56,57]. Such buckling of composite beams
can occur if the applied bending moment causes compression in the bottom flange. Such a
bending moment will be referred to as a negative bending moment. The buckling
configuration for a composite beam subjected to a negative bending moment is shown in Fig.
4.66. The current SEAOC code for the design of ductile EBFs [58] requires that the top and
bottom flanges of the steel beam in an EBF be laterally braced at both ends of a link. The
braciﬁg is required to have the strength and stiffness to resist 1.5 percent of the beam flange
strength, computed as yield stress times flange area, with 5 total lateral displacement of less
than 0.10 in, Nevertheless, the question remains whether the floor slab alone can provide the
necessary restraint thereby avoiding the use of transverse lateral bracing.

To answer this question the twist ¢, and ¢p of the steel beam at ends A and B of a link
were m-casur'cd and studied. Figures 4.67 to 4.69 shows the lateral twist developed at each end
of the links for bare steel beam Specimens DI and D‘.Z‘ and also for the composite link of

Specimen C2. Specimen D1 had its cross section laterally braced by transverse beams at both
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ends of the link. Specimen D2 had its cross section laterally braced, but only at the link end
A which was adjacent to the simulated column restraint. Specimen C2 had only the support of
the floor slab without the benefit of any transverse beams for lateral bracing. The above
figures show that a greater amount of the cross section (wist develops in Specimens D2 and C2
compared to that in Specimen D1. Unlike Specimen D1, both link ends in Specimens C2 and
D2 developed a drift from the initial position. The twist at both ends of the link for Specimen
C2 is approximalely two times the twist of Specimen D1 at a link deformation of 0.06 radians,
and 1.40 times thal of Specimen D1 at a link deformation of ‘0.08 radians. This indicates that
the floor slab alone is not as effective as transverse beams placed at the ends of a link.

‘For Specimen C2 a ratio Fy was computed for the link end B. The ratio Fy is defined

as the flange force Fr relative to the beam flange strength F ;.. That is:

F F
Fy= — = I 4.9)
Frg- bty Oy |

where by, 1, and O, respectively, are the flange width, flange thickness, and flange yield
stress. The force Fy is determined by calculating the flange forces that resist the torque
induced by the applied load Py causing a lateral movement A; of the steel section at end B of
the link, as shown in Fig. 4.66(b). Only the cases where end B developed a negative moment

were considered. Therefore:

d,Pgsina + A; Ppcosct
_ “'s IR (4.10)

Fy

A plot of Pg versus Fy is shown in Fig. 4.70. As Py increases, the cross section
develops a greater amount of twist, resulting in a greater amount of 4;. Consequently, a
larger magnitude of the Iforce Fr develops in the flanges, resulting in larger ratios of Fy. In-
Fig. 4.70 the ratio Fy is shown to exceed 0.015, the SEAOC limit, and approach the value of
0.04 ar -lhe peak of each excursion of the cyclic link deformation h.ismry. The values of A,
were plotted also against Py as shown in Fig. 4.71. These results indicate that the floor slab

will restrain the flange from developing an amount of A; which exceeds the SEAOC limit of
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0.10 inches by no more than 10 percent.

The above results give an indication that by limiting A; the floor slab does provide some
restraint to the steel beam. However, as v)as found by comparing the twist of the cross sec-
tions at the link ends for braced and unbraced steel sections, the slab is not as effective as the
transverse beams in laterally bracing the link ends. Furthermore, the ratio ¥y exceeds the
recommended SEAOC limit of 0.015. Using the maximum values of the ratio Fy shown in
Fig. 4.70 for designing the lateral bracing for composite links would be conservative, since
less force is required to prevent lateral-torsional buckling then to restore the cross section to a
stable configuration. In order to provide general design guidelines, additional experiments are

necessary which specifically address the lateral-torsional buckling of composite links.

-4.10. Conclusions

Based on the analysis of the experimental behavior of the bare steel and composite links
the following conclusions can be established:

n Comiposite links have a greater initial elastic stiffness than bare steel links. The com-
posite links in the K-braced EBF subassemblies developed larger initial elastic stiffness
than the composite links in the V-braced EBF subassemblies, with the interior compo-
site links having a greater initial elastic stiffness than the exterior composite links.

(2)  Composite links have a greater shear yield strength than bare steel links, with the inte-
rior composite links in the EBF subassemblies having the largest shear yield strength.
The yield limit siate for the composite links may be considered 1o be bounded by V,
and M, as for the bare steel lini{s.

3 After the initial shear yielding, the links exhibit ;a combined isotropic and kinematic
strain hardening. The isotropic hardening in composite links is less than that -observed
for the bare steel links. H(‘)wever lhebsliffness of a fully plastic composite link is
greater than that of the corresponding bare steel link.

4) The interior composite links of EBF subassemblies have a grealer shear capacity than



(5)

(6)

Q)

(8)

&)

(10}

(11)

(12)
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bare steel links.

Most of the floor slab damage occurs in the vicinity of a link and the slip between the
stee]l beam and the concrete floor slab occurs largely at the link. The concrete strain in
the floor slab was found to be greatest. in the vicinity of the link, increasing during
cyclic deformation as a result of cracking in the concrete. The composite action
deteriorated in the link under cyclic loading, and the pogitive moment capacity based
on full composite action generally. was not developed. However, the end moments
developed in the composite links were larger than in bare steel links.

With the same link deformation history the energy dissipation of a comﬁosi(e link is
greater than that of a bare steel link. The amount of energy dissipated by a link
depends on the link deformation history, |

Link web buckling results in the deterioration of the link’s energy dissipation capacity.
Web buckling is reasonably well predicted by the plastic plate shear buckling theory
[71.

Composite links develop less axial shortening than bare steel links. Composite links
located away from the edges of the floor slab are better axially restrained by the floor
slab and consequently develop less axial shortening.

The beam stiffness of the composite floor beam outside the link do not show significant
deterioration under cyclic loading. The composite beam stiffness under positive
moment is greater than that under negative moment, which in turn is greater than that
of the bare steel beam.

Due to the elastic curvature of the floor beam outside the link, the maximum vertical
displacement of the floor slab occurs outside of the link above a floor beam.

The outrigger effect depends on the beam spacing, mechanical properties of the floor
stab, and the torsional rigidity of the floor beams. The outriggér effect for the speci-
mens used in these test was found to be minimal.

The effective slab width based on experimentally delermined stress distribution is a
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(13)

minimum at the link and increases along the floor beam outside the link. The calcu-
lated effective slab widlhr to provide an equivalent composite beam stiffness is less than
the calculated effective slab width based on stress distribution. For the initial cycles
before major slab damage occurs the AISC Specification [20] provides a reasonable
estimate of the effective slab width. However, the AISC Specification effective slab
width for determining the stiffness of the composite floor beams outside the link results
in excessive stiffness.

The floor slab is not as effective as transverse beams in providing lateral bracing at the

ends of a link for preventing lateral-torsional buckling of the beam.
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CHAPTER 5

A‘N»ALYSIS OF COMPOSITE FLOOR SYSTEMS IN EBFs

5.1. Genersal

In order to assess the effect of the ﬁoor‘slab on Ithe“ behavior of the floor beam in EBFs,
analyses were performed on composite floor systems of these structural systems. Both an inte-
nor and an exterior floor beam were analyzed. Consideration was given to the orthotropic
behavior of the floor slab and spacing of the adjacent floor beams, requiring several analysis.
The analyses of the EBF floor systemvs required applying concentrated forces to the models to
simulate vertical components of axial brace forces. Additional load patterns were also con-
sidered-in order to determine the effect of spatial distribution of the loads applied to the floor
system. In these analyses the effective slab widths based on the obtained stress distribution
were delermined. In addition, the effective moments of inertia of the composite floor beams
outside the link were also found. These values were then compared to the experimental results
and the AISC Speciﬁcation [20). The information on intemnal forces in the floor beams and
floor slabs made it possible to evaluate the contributions of each to the composite floor system.

To analyze the floor system, the floor slab was described using an orthotropic elastic
plane stress theory combined with an orthotropic thin elastic plate theory. The first one of
these theories was incorporated into the analysis by deriving a differential equation in terms of
a stress function for a plane orthotropic material. The second theory was included into the
analysis by conéidering a differential equation expressed in terms of transverse displacements
describing the equilibrium of an orthotropic plate, The effect of in-plane forces on the floor
slab behavior were considered not to have a significant effect on the stability of the floor sys-
tem, and therefore were neglected in the equilibrium equation. The floor system’s steel beams
were described by an elastic beam theory.

Solutions of the differential equations describing the behavior of the floor system were
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obtained by enforcing equilibrium and compatibility conditions between the floor beam and
slab together with the appropriate boundary conditions. The stresses in the middle surface of
the floor slab were determined from a stress function while the internal forces in the floor slab

and the flpor beam were found using transverse displacements.

5.2. Plane Stress Theory for an Orthotropic Material

The differential equation in terms of a sh’éss function for an orthotropic material in the
state of plane stress can be derived by considering the compatibility equation of a thin mem-
brane in the x-y plane (Eq. 5.1), Hodke’s law for an orthotropic material (Egs. 5.2), and the
momentum balance equations for static equilibrium (Eqs. 5.3), leading to the following rela-

tions {60,61,68]. That is:

%, %, o,
3! + P zaxay 5.1

C, g,
Ez = E - Vy —E—y— (523)
oy G,

= 9, 9% 5.2b

ac”‘J,ac—"’+x=o ‘ (5.3a)
ox dy '

9, + 90, +Y =0 (5.3b)
dy ox - '

In the above set of equations €, ©, v, and E, respectively, represent strain, stress, Poisson's
ratio, and the elastic modulus. A single subscript x or y indicates the direction in which the
given quantity is acting. Double subscripts represent shear strain and shear stress {(e.g. 2€,,
and O,,) in the x-y plane. The terms X and ¥ in the momentum balance equations represent,
respectively, the body forces in the X and y-direction. The above compatibility equation is
applicable only for small deformations [61].

By noting that:
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(4] .
2%, = —- (5.4)
xy Gry

where

(EE,
2(1-{—@)

and substituting Eqs. 5.2 and 5.4 into Eq. 5.1, one obtains:

P19 G|, &% | % |_ 1 P
ayl[f:, V’Ey]+ax2 E,  “E |7 G, ao ©-2)

y x
Using Eqgs. 5.3 (a) and 5.3 (b) for constant body forces, it can be shown [61]:

Gy =

d°c, . oo, _ ) ¥o,, P
ox? ayz B dxdy (5.6)
Therefore Eq. 5.5 can be written as:
1| (&, Y 9%, . Po, E, ¥o, . (& % Po, .
— —— + — ——
E. 1\ E ax? d*  E Ey y?
1] vevyEs 3 Pe, . oo, %, E, ¥, | _ 0 57
E, E, 2 ayz Vx ax? Vy E, ay? - G.
Applying Betti's reciprocal theorem to a plane stress element results in the following:
0, €,=0, €, (5.8)

where G

v €, and O, , €, are stresses and strains corresponding to the two loading conditions

shown in Fig. 5.1. Substituting Hooke's Law Egs. 5.2 into Eq. 5.8 leads to the following rela-

tion;

v.E, =v,E, (5.9

Substitution of Eq. 5.9 into Eq. 5.7 leads to the following simplified result:
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E,

- —-=0 5.10
axz + a},z +Ey axz ayZ ( )

The Airy’s stress function ¢(x,y) satisfying the momentum balance equations with con-

E,

(E, J“‘S Fo, Fo, E, Fo, [E, ]0‘5 ¥,
Y 4

stant body forces defines stresses as follows:

%
S, = F o (5.11a)
2
g, = %9,— (5.11b)
<2
_ _ &%
o, = “%d (5.11¢)

On substituting these relations into Eq. 5.10 the following differential equation for an orthotro-

pic material in the state of plane stress is obtained:

E o' (E " 2% . 3%
— X + 2= — =20 5.12
£y ox* i [Ey J dx?dy? ¥ ay* G2

§3. Orthotropic Plate Theory

The governoring differential equation for an orthotropic plate is readily available in the

literature [62,63], and is often referred to as the Huber equation'. It reads as follows:

| o
Dx% +2H£%;7 +D,%y—';’ = g, (x.y) (5.13)

where H is called Huber's constant, and
w = transverse displacement in the z-direction,
D, = the flexural rigidity of the orthotropic plate associated with the x-direction,
D, = the flexural rigidity of the orthotropic plate associated with the y-direction,
2H = vay + Dyvx + 4D1y,

g. (x,y) = distributed transverse surface load.

Assuming that Huber’s hypothesis for reinforced concrete slabs holds [68], the torsional ngi-

dity D,, can be approximated as:
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4D,, = 2(1 - \N,v){D, D, (5.14)

Since by using Betti's reciprocal theorem it can be shown that:

v,D, =v,D, (5.15)

the Huber’s constant can be written as:

2t = 2JD.D, ~ (5.16)

Taking advantage of this fact, the Huber equation can be rewritten in the following form:

0.5
D, 3 D a 4 ,
xaw+2[ xJ d'w dw _ q.(x.y) (517

b, & "O|\D, | a3yt b,

D,
Once the displacement field is known which satisfies the Huber equation and the appropriate

boundary conditions, the internal forces of the orthotropic plate can be determined using the

following relations [62]:

2 2
m, = -D, E 2wy, Iw (5.18a)
[ ax? T oyt |
[ 2w Pw
m, = D, 57 Ve | (5.18b)
m, = —(1- .\f;,vy)-JD Dy a By (5.18¢c)
= .r——' 5.18d
q D, ayzax ( )

9, = -D, ay3 - DD, a 2By (5.%8e)

where m,, my, My, respectively, are the moment assoclated with the x-direction, the moment
associated with the y-direction, and the twisting moment associated with the x and y-directions

in the floor slab. The quantities g, and g, , respectively, are the transverse shear forces associ-

ated with the x-direction and y-direction.
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5.4. Composite Beam Models

Solutions of the govermoring differential equations (Eqs. 5.12 and 5.17) were sought
which would be suit;ble for the boundary conditions of composite floor beams 1o be analyzed.
K-braced EBFs which had composite interior and exterior floor beams were of particular
interest. The appropriate boundary conditions for these two cases are shown in Figs.- 5.2 and
5.3. In both cases the floor beam and slab are simply supported at both ends and correspond
with the experimental setup described in Chapter 2. However, there are some differences
between the models and the experimental setup. For the interior beam model the floor slab
extends laterally in both directions to infinity, and in one direction for the exterior model, as
shown in Figs, 5.2 and 5.3. Moreover, the floor beam parallel to the exterior beam was nol
included in the exteﬂot floor beam analysis in order not to exceed the number of possible
boundary conditions which could be satisfied by the selected solution. Further, in order to
simplify the problem the overhanging portion of the floor slab for the exterior floor beam
analysis was not included in the model. Finally, for both models the floor slab at both ends
were assumed to be simply supported.

It is believed that the above boundary conditions for the models should lead to reason-
able results, since the floor stab in EBFs is wide in relation to the beam span length. Further-
more, because of the dominate effect caused by the applied concentrated forces at both ends of
the link, the attenuation of deformations and intemnal forces in the floor slab should be local-

ized. This phenomenon was verified both analytically and experimentally.

5.5. Solution Procedure

Being guided by the Levy method and a known rigorous solution for biharmonic equa-
tions [62], solutions involving a series of harmonics with unknown coefficients were used to
solve the governoring differential equations, Eqs. 5.12 and 5.17. The harmonic functions were

taken as:
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olxy) = Z[A,,,e*’-i’ +A,e"Y + 4,y +A,,ye“*§y]sina,,x (5.19)
n=l
o L3
wxyys > iq—"?—(l -cosnn)+B,,le_“"ly +B,,ze“"7" +
n=1| (n)yD, |
Bn’lye—“‘ly +Bn‘lyeu'ly :lsino'.,,x (5.20)
in which
nwr
@ =
o B
Ey
D
4 _ x
M=5

In the solution of tﬁe Huber equation for the transverse displacements (Eq. 5.20) it was
assumed that a uniform surface gravity load of magnitude g, acts on the floor slab.

The sine series used in Egs. 5.19 alnd 5.20 satisfy the four boundary condittons at the
simple supports where x=0 and x=L. However on noting Eq. 5.11c it can be seen that the
shear stress g, in the plane of the floor slab does not vanish at the ends of the floor slab and
thereby violates a boundary condition. Fortunately, previous research [64] has shown that
even without satisfying this boundary condition the solution based on Eq. 5.19 leads to reason-

able results which agree with experimental measurements of deflection and strain,

5.5.1. Solution for Interior Composite Beam Model

For the interior floor beam model the remaining boundary conditions shown in Fig. 5.2
were applied to Eqs. 5.19 and 5.20 to solve for the unknown coefficients. Since a plane of
symmelry exists around y=0, only the region in the positive y-direction need be considered.

Pl

Further since at y=oo the solution must be bounded,
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Ap,=A, =0 (5.21a)
B, =B, =0 (5.21b)

Using Eq. 5.2b together with Eqs. 5.11a and 5.11b one obtains:

v = j(-:ydy
i IO ) Y (5.22)
Ey ax2 EI ayz

Then applying the condition that v=0 at y=0, a relationship between the unknown coefficients

A, and A, , is established:

A, = A, 5.23
1 3 aﬂé ( )
where
I- EZVI
1+&%,
Substituting these relations into Eq. 5.19, one obtains the required stress function:
o~ A - Ey .
dxy)= YA l- +yle sinex, x (5.24)
n=1 anE-l ' . .

Since the edge floor beams are at distances b away from the interior floor beam, the
vertical displacement w was set equal to zerc al y=b. This is an approximation as Lhese
beams are not completely rigid. However, since only the behavior of the slab in the proximity
of the link is of interest such an approximation appears to be satisfactory. Enforcing this con-

dition in Eq. 5.20 results in the following relationship between the unknown coefficients B,

and B, :

LEN

B, = —[BMAJ; +q,e%" ] (5.25)

Upon substituting B, into Eq. 5.20, the expression for the transverse displacement reads:

oo

wy) = Z[qn (1 - g M "") +B, My - b)e ™ :lsino‘.,,x (5.26)

i=l
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where

2,L*

m(l — cosn )

4n =

To impose the equilibrium conditions between the floor beam and the slab, reference is
made to Fig. 5.4 which shows the free body diagram of an element of length dx at the interior
floor beam-slab juncture. Consﬂderatioﬁ of vertical equilibrium and moment equilibrium of the
free body and using the middle surface of the floor slab as a reference plane, results in the fol-

lowing relationships:

aQs aQb _

™ + p +px)-25=0 (5.27)
oM, oM, oF

= + prea 0, -0, + h—ax =0 (5.28)

In Eq. 5.28 the higher order terms have been ignored. Differentiating Eq. 5.28 with respect to

x and combining the result with Eq. 5.27 leads 10 the following:

M,  FM, 3F
ox? ox? px) ox? ( )
where
M, _ g
ox? ox?

O*M, D, [ *w Pw ]

ox?

Fw Fw ’w
= -Dy [ ay3 + Vv, axzay ] - ZAJDXD},(I - JVIVy)—al—.gg

-

a2 oo
—=2r|o,.d
dx? ox? '([ Y

and,
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p{x) = distributed transverse load acting directly on the interior floor beam,
El = flexural rigidity of the floor beam,
S = transverse shear force per unit length acting on the y-face of the floor slab.

t = thickness of floor slab,

The distributeq transverse load p(x) acting directly on the interior floor beam must be
expressed in terms of a Fourier series, considering only the harmonics associated with sino, x,
ie., . -

p(x)= Y p,sinc,x (5.30)
n=1 .

where
2 £ .
P = sz(x)sinanx dx ‘ (5.31)
0

A concenirated force of P applied at a distance a from a support, as shown in Fig. 5.5, can be

expressed as a Fourier series by using a Dirac delta function, i.e.,

P(x)= Péx ~a) (5.32)
where 8(x — a) = the Dirac delta function for a unit concentrated force applied at a positive
distance a from the origin of the x-axis. Upon employing this in Eg. 5.31 the amplitude of
each harmonic is determined, where for the n** harmonic:

2P .
Pn = Tsmana

By substituting Eqgs. 5.11a, 5.24, and 5.26 into Eq. 5.29, the equilibrium condition at the

beam-slab interface, where y=0, leads to a relationship between the unknown coefficients A,

and B, ,, reading:

Bml:a:b}\.(Dx +EIN-D, v, o232 + 0, Ab) +

x Yy

2D, 032 (3 + &, M) — Ta M1 + an?\.b)] -

g, [mj(z}x + EI)(] - ™M ) + vayaf,lze“'“’ -
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2Dya:l3ea‘u’ + ZFaz?\.éa‘M ] +p,
= —A,,J[Zrh o2(A + 1)] | (5.33)

where

= D,v, +24JD,D,(1 = Jv,v,)

The condition of compatibility between the floor beam and the slab at the interior beam-
slab juncture was enforced assuming that plane sections remain plane, and that slip does not
occur between the two media. Therefore, the strain profile through the depth of the composite
floor beam is as shown in Fig. 5.6. As a result, the strain in the bottom flange of the floor
beam, €,, can be written in terms of the strain, €,,, at the middie surface of the floor slab in
the x-direction, where:

0.5¢ + d,-NA
R R

in which NA is the location of the neutral axis in the floor beam, referenced from the botiom

flange. By simple beam theory ¢, is equal to:

1| Mydy F
€& = E[ o +A] | (5.35)
and,
3w
M, = =EI— 5.36
b ox? ( )

The axial force in the interior floor beam, F, is equal to the corresponding siress o, integrated

over the slab’s cross section. That is:

F = 2fo,dy | (5.37)
4]

where 6, is determined by differentiating the stress function per Eq. 5.11a. In Eq. 535 A

represents the cross-sectional area of the floor beam. Since €, is equivalent to €,, using Eq.
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5.2a together with Egs. 5.11a, and 5.11b establishes a relationship for €,, in terms of the stress
function ¢(x,y). Then upon substituting Egs. 5.35, 5.36, and 5.37 into Eq. 5.34 one oblains:

the following:

E. 3y E, 0 E

1 Fe Yy % _ ‘1’[2‘”324’ : Ed"ﬁ} (5.38)

A second expression relating the coefficients A, and B, evolves by substituting the expres-
sions for the stress function (Eq. 5.24) and transverse displacement (Eq. 5.26) into Eq. 5.38,

reading:

d d
B,,,l:—ai —2’3—7\17‘1’] + g, 0 Tb‘!’(l . )

X

_ 2wV 1 5 20, §
= A, “F (1 +A) Aa,,&[Ex + Eyﬁz] 5 (5.39)

The unknown coefficients A,, and B, can be determined for each harmonic from Egs.
5.33 and 5.39. The results can then be summed to obtain a solution for the stress function and
the transverse displacement per Egs. 5.24 and 5.26.

Note that in Eq. 5.39 the value of ¥ is unknown until the location of the neutral axis is
established. In this investigation an iterative technique was employed by first assuming a loca-
tion for the neutral axis, leading 1o initial solutions for the stress function and transverse dis-
placement. The location of the neutral axis was then calculated based on the initial solutions,

given as:

NA = d, (5.40)

in which €, is the strain at the top flange of the floor beam where:

e = L|F _ M3y
‘" E|A 2!

If the new location for the neutral axis showed a significant change compared to the assumed
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value, then the solutions for the stress funcu'onrand rransverse displacement were recomputed
using the nmew location of the neutral axis. The location of the neutral axis was then again
computed and checked with the previous value. This process was repeated until the location
of the neutral axis was within a specified tolerance.

The number of harmonics used in the analyses was determined by beginning with a few,
and then increasing this number until no significant change occurred in the final results.

It should be pointed out that in solving the governoring differential equations, the condi-
tion of zero slope in the y-direction of the interior floor slab above the floor beam was not

enforced. That is:

ow
ow 2 0 (5.4
|: dy ])'=0

This implies that there is a discontinuity in the slope of the interior floor slab above the floor
beam, as shown in Fig. 5.7(a). In experiments it was observed that simiiar cracks have
appeared in the floor slab directly above the link of thé floor beam, extending along the beam
in the x-direction. This crack developed at about the same time when the initial yielding
occurred in the link. Therefore, in the floor slab of an interior EBF the above conditioﬁ is
likely 10 develop to some degree, and it is believed that the obtained analyses should give rea-
sonable results. These results indicate that the slope of the floor slab in the y-direction above
the interior floor beam was small in comparison to the slope in the x-direction for typical
span-width ratios of #/L = 0.40 to 1.0. Furthermore, a comparison with solutions where the
slope in the y-directiqn was zero showed no significant difference in the results for the same

ratios of b/L .

5.5.2. Solution for Exterior Composite Beam Model

The boundary conditions for an exterior composite floor beam were shown previously in

Fig. 5.3. Since the floor slab is assumed to exlend to infinity in the posilive y-direction and

the solution must be bounded, the following must hold:
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=A = 0 y (5.423)

An = A,

B, =8, =0 (5.42b)
With all of the simple support end conditions being satisfied by Egs. 5.19 and 5.20, except for
the shear stress being equal to zero, the remaining four available boundary conditions in Fig.
5.3 were applied to these equations to solve for the unknown coefficients. These four boun-
dary conditions are sufficient for the solution of Eqs. 5.19 and 5.20.

One of these available four boundary conditions shown in Fig. 5.3 states that 6, = 0 at y

= (. Therefore,
and the stress function for the exterior floor beam can be written as:
b(x,y) = ZA,,Je_“'éysina,,x (5.44)
n=]

Enforcing the second boundary condition m, = 0 at y = 0 resulis in the following relationship

between the unknown coefficients B, and B, :

B B o, v, 0, v, o, 5.45)
mT 2T T [T ©
where
L4
qn = —2495*(1 —cosn )
(nw) Dy

Therefore, the transverse displacement field w (x ,y) can be rewritten as:

n=l

o0 v,
= e X el
w(x,y) Z 4n (l o ye J-‘-

B

i

V. O
1+ (a,,-— 12" }% e |sina, x (5.46)

The equilibrium conditions between the floor slab and the exterior floor beam are formu-
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lated on the basis of the free body diagram shown in Fig. 5.8. Since the floor slab is only to

one side of the exterior floor beam, the transverse shear § and the torsional moment m,, act

xy

on the beam as shown in the figure. Using the middle surface of the floor slab as a reference,

the vertical equilibrium and moment equilibrium for an element are:

aQ: aQb .

= * 3 +p(x)-§=0 (5.47)
oM, oM, om, oF _

ot Y 5 o, -0, + h_ax =0 {(5.48)

In Eq. 5.48 the higher order terms have been neglected. Differentiating Eq. 5.48 with respect

to x and combining the result with Eq. 5.47 leads to the following relationship:

M, FM, &m, ’ O°F
axz + axz + axay‘i-/p(x)—S: —h—a-x—z" ‘ (5.49)

where for the exterior composite floor beam model:

o°F F T

—_— = — d

ox?  ox® (J;OI ’

Pm,, &

o dy = —=(1- 44\_’1\’), )QDID), ﬁy—z (5.50)

The remaining terms in Eq. 5.49 were defined previously for the interior composite floor beam
model, Eq. 5.29. By imposing the equilibrium requirements at the beam-slab interface, the fol-

lowing relationships between the unknown coefficients A,, and B, apply:

B,,I[Dya,z,lz(3ﬂa,,l -a,A+v,a? -2Qv, o, ) - o (D,r +E1) +
I‘af,l(a,, —Q) +05ay, (r- Dyv,) +
q,,[ Eaﬁl(2D_,vyan7\. - 3D, + r) -of (D, + EI) + 0503y, (I‘ -D,v, )] +p,

= —A,,,[af,h:] (5.51)
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where

xr—n

py I

a
-—
-
A

2 ’
I'=Dyv, + 2.\/DXD),(1 - .ﬁyv, ).

The compatibility condition between the exterior floor beam and slab is the same as for

4]
]

n

the interior composite floor beam model, and Eqs. 5.34 to 5.36 apply here as well, however,

the axial force in the exterior floor beam F should be defined as

F = tfo,dy (5.52)
0

On following the same procedure that was used in deriving Eq. 5.38, using Eq. 5.52 for the

exterior floor one has

1Py n e wlirdy, By .

Upon substituting Eqs. 5.44 and 5.46 into the above equation a second relationship between

the unknown coefficients A,, and B, is oblained, reading:

d, d, wr 20,8
B, l:‘i’(l —Z—:I +q,,'{’(1 7 A"][I—E__ E, ] E (5.54)

The two unknown coefficients B, and A, were determined by the same iterative pro-

cedure that was used for the interior composite floor beam model, except that in the present

case B, and A, were determined using Eqs. 5.51 and 5.54.

5.6. Analysis of Composite Floor Slabs

Solutions were oblained for the interior and exterior composite floor beam models by
programming on a computer the relevant equations for the two unknown coefficients, and then

summing the required number of harmonics. During the iterative process the convergence to a
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solution was considered to be satisfactory when the change in the location of the neutral axis
between cycles changed by less than 0.01 in. It was found that the number of harmonics,
N hax Needed to obtain an accurate solution depended on the type of loading. Two concen-
trated loads simulating '[he vertical components of axial brace forces in an EBF required the
largest number of N_,,. For such cases N, was 31. ’
Altogether, three sets of analyses were performed for both the interior and the exterior
composite floor beam models. The first set of these analyses involved modeling the beams use
in the experiments. The properties of theserbeams were based on measured values, Tables 2.3
and 2.7. The orthotropic properties of the floor slab in the models were based on the average
of the measured values obtained from the small slab tests listed in Table 2.8. The average

values of D, and D,, respectively, were equal to 2806 k—in%in and 9109 k—in¥in. Therefore,

the extent of slab orthetropy was taken to be

A A (5.55)
D, 325 '
For consistency it was also assumed that
E 1
4 X
= X o — : 5.56
¢ E, 3.25 (5-36)

The average measured value of 3332 ksi was used for the elastic modulus E for the specimen
cured conditions listed in Table 2.4, For the floor slab in the x-direction an effective slab
thickness ¢ was used which provided the required flexural rigidity D,. The effective slab

thickness was based on the following relation [68]:

E.1?
D, = —m8 ' (8.57)
12(1 - vxvy) ‘

The value for v, was calculated using Eq. 5.15, with v, assumed to be 0.20. E_ fol-
lowed from Eq. 5.56 knowing E,. Based on these material properties, the effective slab thick-

ness was determined to be 3.2 in.
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The second set of analyses was the same as the first set except that an isotropic floor slab
was assumed. The slab properties associated with the y-direction of the orthotropic slab in the
first set of analyses were used in both directions. The elastic modulus and the flexural rigidity
were therefore equal to 3332 ksi and 9109 k—in%in, with Vv, and v, assumed to be 0.20. The
floor slab’s thickness was determined by Eq. 5.57 and was again found to be approximately
3.2in.

The third set of analyses involved modeling a composite floor system consisting of a
W18 x 40 steel beam and an orthatropic slab. The floor beam comresponded to the Tsukuba
prototype first floor beam [17]. The orthotropic plate parameters £ and A as well as the moduli
E, and E, were taken 1o be the same as in the first set of analyses. An effective slab thick-
ness ¢ equal to 4.8 in. was used. This was determined by scaling the value of ¢ used in the
previous analyses by a three halves factor. The flexural rigidities D, and D, were obtained
from Eqgs. 5.57 and 5.55, with a v, of 0.20 and v, found from Eq. 5.9. As a result, the values
for D, and D, respectively, were equal 10 9566 k—in%in and 31090 k—in/in.

In each set of analyses the spacing of the adjacent floor beams relative to their length
was varied for the interior floor beam model, whereas for the. exterior floor beam model only
the length of the beam was varied. Concentrated forces at the ends of the link were applied to
the . models in each set of gnalyses to simulate the loading ponditions of the floor beams in
EBFs. Additional load cases for the first two sets of analyses were analyzed, which included
gravity load, a line load applied to the floor beam, and a concentrated load applied at midspan

of the beam.
5.7. Results of Analysis of Composite Floor Slabs

5.7.1. Verification of Formulations

An exierior composite link in the K-braced EBF subassembly was analyzed using the
exterior floor beam model by applying at each end of the link concentrated forces (o cause ini-

tial link yielding. The floor beam modeled was similar to Specimen A1l tested in the
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experiments. The resulting vertical displacements of tﬁe floor system are shown in Figs. 5.9
and 5.10. These results correspond to a link deformation y of approximately 0.006 rad. Meas-
ured values of floor deflections were not available at this deformation, however, Figs. 4.26 and
4.27 show the earliest recorded values for Specimen Al, which were measured at a y of 0.01
rad. A comparison between the results of analysis and measured values indicates that both
have a similar displacement pattern with maximum displacements occurring beyond the ends
of the link. In Fig. 4.27 the lmeasu:ed relative displacement between the maximum and
minimum transverse displacement contours, A,, is 0.28 in., while the calculated result in Fig.
5.10 indicates a displacement of 0.16 in. This discrepancy is to be expected since at a y 6f
0.01 rad. yielding of Specimen Al had already occurred, whereas the model was assumed to
remain elastic. By linear extrapolation to a y of 0.007 rad. the value of A, at yielding of
Specimen Al was estimated to be approximately 0.20 in. This compares reasonably well with
the model results.

Plots of calculated stresses ¢, in the floor slab are shown in Figs. 5.11 and 5.12. These
results indicate that the largest stress ¢, develops near the ends of the link at the concentrated
forces. It was interesting (o note that initial cracking of the floor slab in Specimen Al had
developed near these locations.

In Fig. 5.13 the calculated strains €, at the top of the floor slab are compared with the
measured values for Specimen Al during Cycle 1 at a y of -0.02 rad. In generél, the calcu-
lated quantities agree reasonably well with measured ones. The analysis correctly predicts
larger values of €, in sections that are closer to the link. The location of the neutral axis
along the beam, referencéd ffom the bottom beam flange, is shown in Fig. 5.14. The analysis
shows that the location of the neutral axis varies along the span, reaching a minimum at the
link. This result agrees with the experimental findings.

Analytically determined vertical displacements of the floor slab for the interior floor
beafn are shown in Figs. 5.15 and 5.16. These displacements are for equally applied forces of

110 kips at the ends of the link. No vertical displacements of the floor slab were made for the
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corresponding test specimen (Specimen Bl). However, the results appear to be reasonable.
The calculated A, of 0.14 in. for this interior floor beam model is 88 percent of that which
developed in the exterior floor beam model. The calculated stresses g, for this case are shown
in Figs. 5.17 and 5.18. Their trend is similar to those for the exterior beam, and as before the
largest magnitudes of stress develop at the ends of the link,

In Fig. 5.19 the strains €, on top of the slab for the interior floor beam model are com-
pared to the measured values for Specimen B1 during Cycle 1 at a y of -0.02 rad. The calcu-
lated results shown in Fig. 5.19 compare reasonably well with the measured values. In all
cases larger values of €, develop in sections that ar;e closer to the end of the link. Based on
the analytical and experimental results shown in Fig. 5.20, the location of the neutral axis

before yielding occurs compares very favorably.

5.7.2. Effective Slab Width

From the analyses the effective slab width be% was determined based on results for stress
distribution. 1In calculations, the stress ¢, at the middle surface of the slab was used resulting

in the following expression for a section at x:

o o {00y
i [G’@)]yﬂ

For consistency with the adopted analytical model, the limits of integration for the extenor

(5.58)

composite floor beam model are from zero 1o o, while for the interior composite floor beam

mode] these limits are oo, However in designing a composite beam, consideration must be

given to the adjacent floor beams sharing the applied vertical load. Therefore, b,} should not
exceed the width of b for an interior composite beam and 0.5b plus an exterior overhang for
an cxlerior composite beam,

Anatlytical and experimental results for b,} are shown in Figs. 5.21 and 5.22 for the exte-

rior and interior composite floor beams (Specimens Al and B1l). The effective slab width
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according to the AISC Specification is also shown in these figures. The recommended max-

imum values of be} limited by the spacing of the adjacent beams are also indicated. In order

to be consistent with the analytical model, the contribution of the overhang was removed when

determining b;} for the exierior beam, Specimen Al. Both theorelical analyses show that b,}

are minimum at the links. ‘The overall comparisons given in Figs. 5.21 and 5.22 show that the

analytical and experimental results develop the same itrend. The recommended values of be}

by the AISC Specification differ from those indicated by the analytical results. Compared to

the AISC Specification, the analysis results indicate a smaller value of b,} in the link.

The effect of slab orthotropy as well as loading conditions were studied by analyzing
interior composite floor beam models with orthotropic and isotropic floor slabs for different
loading conditions, The floor beam was a W12 x 19 section while the slab had a 3.2 in.
effective thickness. The loading conditions included the effect of EBF brace force simulation,

a concentrated load ai midspan, a uniform load p(x) applied directly to the floor beam over
half of the span length, and a uniform dead load acting on the floor slab. The variation of be%

for these cases is shown in Figs. 5.23 to 5.26. These resulls indicate that bf,} varies for

different load conditions and the degree of slab orthotropy. In a study simulating the loading
conditions in the test specimen (Fig. 5.23), a minimum b occurs at the link. However, for
the case involving a uniform dead load (Fig. 5.26), b,gr has a maximum value in the region of
large moment. In all cases somewhat larger values of b,}} occur for orthotropic slabs com-
pared to the isotropic ones.

The variation of b,z for an interior composite beam as a function of b/L is shown in
Fig. 5.27. These resulls are from three sets of analyses and include b at the end of the link,

and at one-quarter of the length L from the support. As shown in Fig. 5.27, L" is the dis-

tance between a link and a support. The different analyses are identified in the figure by their

floor slab and beam sizes. In figure 5.27 b3 has been normalized with respect to the beam
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spacing b, and its upper limit has been set 1o b. These results show that in all cases b,g— “

decreases with larger ratios of #/L. The value of b,5 is less at the end of the link compared
1o that outside the link. Orthotropic slabs, where Dy is greater then D, , have greater effective
widths compared to the comresponding isotropic floor slabs. Therefore it appears that by
increasing the floor slab flexural rigidity in the direction of the adjacent floor beam relative to
the fiexural ngidity in the longitudinal direction of the floor beam has the same effect as

decreasing the beam spacing of floor beams with an isotropic floor slab. At the ends of a link

b by analysis is greater for the prototype floor beam (W18 x 40 section with a t=4.8 in.)

than for the test specimens (W12 x 19 section with a t=3.2 in.). Analyses shows that at the
ends of a link b,% is less than by the AISC Specification [20]. The degree of overestimation
of bz by the AISC Specification at the end of the link increases for the smaller ratios of &/L.

Towards the supports the AISC Specification predicts a smaller value of be% compared to the

analysis results.
The variation of b,} for an exterior composite beam as a function of beam span L is
shown in Fig. 5.28 for three sets of analyses. These results show that b,‘} decreases as the

span length decreases. Furthermore, b,} is less at the end of a link compared to that outside a

lmk As for the interior composile beam, the exterior beams with isotropic floor slabs appear
to have smaller values of bej} compared to the corresponding composite beams with orthotro-
pic floor slabs. The AISC Specification predicts a larger b,li'? at the end of a link compared to

the analyses. Towards the supports, bg% from the analyses is greater then that given by the

AISC Specification.

§.7.3. Effective Moment of Inertia

An effective moment of inertia I,z of the composite beam was determined analytically

from the rotation of the beam outside the link. First the beam rotation ®, from the chord
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was determined, see Fig. 4.58. This rotation was then equated (o an elastic solution for end

rotation of a simply supported beam subjected to an end moment. On this basis:

¥

7 ML

4= 3pe, (5.59)

where M is the moment at the end of a composite beam of length L.
The variation of /.z for the interior composile beam as a function of 4/L is shown in

Fig. 5.29. In this figure /; has been normalized with respect to the moment of inertia of a

bare beam, /. The results show a similar trend as that for the b,}, where 7z increases as the
ratio of b/L decreases. However, I for the composite beams with an isotropic floor slab are
grealér than those for the orthotropic floor slabs. The average experimental value for 1,z is
shown to be somewhat greater then the analysis results. The AISC Specification [20] gives a
greater value for the effective slab width than the analytical prediction if calculations are based
on the span length L. However, a better agreement is achieved if the AISC effective slab
width is based on the length L™ outside the link. Nevertheless, 1,7 is overestimated by the
AISC Specification compared to the results of the orthotropic analyses, where this difference
becomes more pronounced for smaller ratios of b/L.

A‘similar' graph as above of the variation of /,; for the exterior composite beam is

presented in Fig. 5.30. As in the analysis of the interior composite beams, the computed

results shown in Fig. 5.30 indicate that values of b, are greater for isotropic floor slabs than
those for the orthotropic ones. Furthermore, I, decreases as the span length L" decreases.
The average experimental value of / for the exterior specimens agrees reasonably well with
the results of the anélysis, For this case the AISC Code proifides better agreement than before,

particularly if the length L® is used.

5.7.4. Distribution of Internal Forces

Axial force, moment and shear forces for the slab and beam were determined along the

beam using the analysis resulls for transverse displacements and the stress function. This was
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carried out for both for the interior and exterior K-braced EBF subassemblies. In this study
concentrated forces of equal magnitude were applied at the ends of the links. The axial force,
F, was determined using either Eq. 5.37 or 5.52, depending on whether the beam was interior
or exterior. The moment M, in the beam was found first using Eq. 5.36. The floor slab
moment M, was then obtained by subtracting M, and the force couple F-h from the total
moment M which was determined from statics, The shear force @, in the beam was found by
considering the moment equilibrium of a free-body of the member shown in Fig. 5.31.

Whence on suppressing the higher order terms,

oM 4
0, = ax’" + 7”% (5.60)
where
M, Pw
x - o
d T % :
2r— dy (Interior Beam)
) ot
aF _
R
¢ (9% »
3 e ;': ayz dy {Extenior Beam)

The shear force @, resisted by the slab was determined by subtracting @, from the total shear
force V obtained from statics.

The internal distribution of forces along the beam are plotted in Figs. 5.32 to 5.37. The
analysis results for both the interior and exterior composite beams show that the axial force
varies along Lh;: span, reaching a maximum just beyond the link ends. As can be seen from
Figs. 5.33 and 5.36, the contribution of the floor slab in resisting the shear appears to be
greater in the link region than outside the link. The conmribution of M| to the total moment M
is small relative to both the beam moment M, and the force couple F -h.

A summary of the internal force distribution in the steel section and the floor slab at the

end of the link is given in Fig. 5.38. In the link, where the maximum shear force develops,
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the steel section resists 88 percent of the total shear force for the interior composite beam and
92 percent of the total shear for the exterior composite beam. At the ends of the link where
the maximum moment develops, 56 percent of the total moment for the interior composite
beam and 67 percent of the total moment for the exterior composite beam is resisted I.Jy the
steel section. The maximum axial force developed outside the link for the interior composite
beam was 22 percent of-the yield force Fy of a A36 steel W12 x 19 section. As a result, the
~ force couple at the ends of the composite link accounted for approximately 43 percent of the
total momeni. Inside the link the maximum value of F' was 0.15Fy fox; the interior composite
beam. The exterior composite steel beam develops a maximum F of 0.17Fy outside the link
and 0.11Fy in the link. Consequently, the force couple at the end of the link accounted for
approximately 32 percent of the total moment. It can be noted that M, does not offer much of
a conmribution to the total moment in neither the interior nor exterior composite beam. M, is
approximately one percent of the total moment developed at the ends of the links. Hence, the
force couple developed by composite action is the main contributor to the increase in the total

moment.

5.8. Conclusions

Based on the analyses of the interior and exterior composite floor beams, the following
conclusions can be noted:

(1) Compared with experimental data the analyses were able to predict reasonably well the
transverse displacements, longitudinal strain in the floor slab, and variation in the loca-
tion of the neutral axis along the beam during the initial cycles of loading.

(2) The effective slab width based on stress distribution depends on beam spacing, loading
conditions, beam span, and orthotropic properties of the slab.

(3) The effective slab width based on siress distribution for (,;omposile beams in EBFs varies
along< the span of the floor beam, where it is a minimum at ‘the ends of the links. This

conclusion is corroborated by experimental resulis.
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4)

(3)

The use of the effective slab width based on the AISC Specification {20] results in an
overesumation of the effective moment of inertia of the composite beam stiffness outside
the link. The effective slab width determined using the AISC Specification is greater in
the link region compared to the analytical results, outside the link the situation is
reversed.

The floor slab ‘and beam both contribute to the resistance of the applied loads. The force
couple provides the largest contribution to the increase in the composite section’s capa-
city. The elastic shear force resisted by the floor slab at the link is from 8 to 12 percent
of the total shear force. Floor slabs above an interior link offer larger contributions to

the applied shear than the exterior links.
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SPECIMEN . EBF PANEL ZONE
LINK
NUMBER a DEFORMATION
NO, TYPE a
PANELS | (in) e HISTORY
1] [2] i3 (41 | (51 (6
Al Composite, Exterior K-braced 3 6.33 | 25.0 | Random Pulses + Cyclic Sym.
-A2Z Composite, Exterior V-braced 6 3.17 | 12,5 | Cyclically Symmetric
Bl Composite, Interior K-braced 3 6.33 | 25.0 | Cyclically Symmetric
B2 Composite, Interior V-braced 3 6.33 | 25.0 | Cyclically Symmetric
C1 Composite, Exierior K-braced 3 6.33 | 25.0 | Taft EQ. + Cyclic Sym.
C2 Composite, Exterior V-braced 3 6.33 | 25.0 | Sym. Pulse + Cyclic Sym.
D1 Bare Steel, K-braced 3 6.33 | 25.0 | Cyclically Symmetric
D2 Bare Steel, K-braced 3 6.33 | 25.0 | Cyclically Symmetric

Table 2.1 Specimen Indentification and Link Deformation History.

A, S z e |\

Section E 4
2t W | @n® | @(@® | n?) | @n) | (k-in)
(1] [21 | i3] (4] (5] (6] (7] (81
(a) W18x40 57 | 568 | 5.31 | 684 | 784 | 28 9751

(b) %Scale Model | 5.7 | 568 | 236 | 20.3 | 232 | 187 | 2889

(c) W12x19 57 {517 | 269 | 2L3 | 247 | 19 3119

Table 2.2  Section Properties for (a) Prototype, (b) Two Thirds Scale Model of Prototype, and (c)
Specimen.
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Coupon E ‘e,h £, Ag, oy o,
Locaton | (ksi) | (in/in) | (infin) | (%) | (ksi) | (ksi)
[1] (2] (3] (4] (51 | [6] [7]
Web 28734 | 0.036 | 0.175 | 20.1 | 543 | 664
Flange 28831 | 0.032 | 0.247 | 25.8 | 451 | 621

Table 2.3 Steel Section Material Properties.

Cylinder | Curing Condition | Young’s Modulus
(ksi)
[1] (2] [3]
1 specimen 3346
2 specimen 3317
3 fog room 3694
4 fog room 3510

Table 2.4 Young’s Modulus of Concrete at 28 Days.

E €,y Ag, o, Area
(ksi) | (infin) | (%) | (ksi) (in%)
(1] [2] (3] (4] [5] (6]

1 29914 | 0.0135 | 69 | 1025 | 0.0452

2 27345 | 0.0167 | 7.6 97.7 | 0.0452
3 28035 | 0.0167 | 6.9 08.2 | 0.0452

Coupon

Table 2.5 Material Prope:tieé and Cross Sectional Area of Wire Reinforcement.

G (kSI) hd int ext b
v, | M M, | M, M, b

Web | Flange | (kips) | (k-in) | (k-in) | (k-in) | (k-in) | (in)
1 (2] (3] (4} (51 [6] 7] (8]
543 | 451 | 932 | 700 | 1192 | 2259 | 2185 | 15.0

49.7 (average) | 85.3 772 1231 | 2272 | 2194 | 18.1

Table 2.6 Plastic Seclion Properties of Specimen.
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Sect by t d L I Z | A | A
ection , . . . . . .
(in) {in) (in) (in) | (n*) | (in*) | Gn®) | (in?)
| (2} {31 4] (5] (6] (7] (8) (9]
Specimen | 4.0 0.354 | 12.06 | 0.254 | 128.1 | 24.8 | 5.72 | 2.88
W12x19 4.005 | 0.350 J 12.16 | 0.235 [ 1300 | 247 | 557 | 2.69 .
Table 2.7 Steel Section Properties.
Socc S EI M. M,
pecimen etup (k—in¥in) | (kein/ft) | (k—in/fe)
[1] (2] [3] [4] [5]
Positive Moment,
Slab 1 . .
ab Perpendicular to Rib 8909 328 328
Negative Moment,
lab 2 . .
Slab Perpendicular to Rib 9309 18 386
Positive Moment,
1 . .
Slab 3 Parallel to Rib 2712 2.3 55
— )
Negative Moment,
4 . .
Slab Parallel to Rib 2900 7.8 11.9

Table 2.8 Properties of Floor Slab.



Specimen | Elastic Stiffness - K’ Normalized Elastic Stiffness -
Kp,
(kip/in)
[1] [2] (31
Al 706 1.24
Bl 859 1.51
Cl 707 1.24
D1 569 1.0

Table 4.1 Pseudo-Elastic Link Stiffness, Links in K-Braccd EBF Subassemblies,

Specimen | Elastic Stiffness - K° | Normalized Elastic Stiffness -
KD2
(kip/in)
(1] (2] (3]
A2 747 1.07
B2 812 1.17
2 744 1.06
D2 698 1.0

Table 4.2 Pseudo-Elastic Link Stiffness, Links in V-Braced EBF Subassemblies,
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. y vy M,
Specimen v, M, — —2L
V?"" Ve M,
(kips) | (kip-in)

(1] (2] (3] [4] (51 61
Al 88.1 975 1.03 094 | 0.82
A2 87.0 1021 1.07 093 | 0.86
Bl 100.1 1154 1.17 1.07 | 0.97
B2 947 1182 1.16 1.01 | 099
Cl 86.9 965 102 093 | 0.81
C2 85.9 914 1.06 092 | 0.77
D1 853 1170 1.0 0.92 | 0.98
D2 814 1111 1.0 0.87 { 093

Table 4.3 Forces in Links at Initial Web Yielding.

. vI‘I'Ill vmu
Specimen | V.,
Vy | VA
(kips)
(1 (2] 13] 4]
Al 1272 | 1.44 1.08
A2 1332 | 153 1.13
Bl 1292 | 1.29 1.10
B2 1307 | 1.38 1.11
Cl 1180 | 1.36 1.01
C2 1200 | 1.40 1.02
D1 117.5 | 138 1.0
D2 117.7 1.44 1.0

Table 4.4 Maximum Shear Force Developed in Links.

acl



Speci M* M- Mis | Moo | ML, | Mo,
pecimen max max
Mo | M| oMy | M,
(kip-in} | (kip-in)
[1] 2] 3] (4] [5] (6) (71
Al 1333 1534 1.12 1.29 0.61 0.70
B1 1369 1315 1.15 1.10 0.61 0.58
Cl 1644 1425 1.38 1.19 0.75 0.65
D1 1323 1274 1.11 1.07 0.61 0.58

Table 4.5 Maximum End Moments Developed in Links, K-Braced EBF,

123



M+rmu M—mal M-Hml'.! M—mnl M+ml‘.( M—mn M+mnx M—max
Specimen Manl M;mnx Msmu MEml.\ A A B B A A N B B
' MP Mp MP MP M:I: MIII M:ll M:h
(kip-in) | (kip-in) | (kip-in) | (kip-in)

(1] 2] 3] (4] (5] (6] (7] (8] (9] [10] (1] [12] (13]
A2 1417 1609 918 1167 1.19 L35 0.77 0.98 0.65 0.74 0.42 0.53
B2 1500 1466 1466 1140 1.26 1.23 1.23 0.96 0.66 0.65 0.65 0.50
C2 1358 1274 966 1200 1.14 1.07 0.81 1.01 0.62 0.58 0.44 0.55
D2 1377 1295 986 842 1.16 1.08 0.83 0711 0.64 0.59 0.44 0.37

Table 4.6 Maximum End Moments Developed in Links, V-Braced EBF.

rel
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Compression Tension
. ] per pm pmex
Specimen — — pBus
Pm-: Pmax max AVG
(1] 2] (3] {4]
Al 1.09 1.10 1.09
Bl 1.13 . 1.14 1.14
Cl 1.01 1.11 1.06
DI 10 | 10 1.0

Table 4.7 Maximum Jack Forces of Specimens Relative to Bare Steel Specimen, K-Braced EBF
Subassemblies.

Compression Tension
End A End B End A End B
X Pﬂ'll;\ PI‘I’IIA PIHIX Pmll Pmu
Specimen
PBnre PBarp PBare PBn.re PBnn:
max max max mex max AVG
(1] (2] (3] (4) (5] (6]
A2 1.15 1.11 1.17 1.12 1.14
B2 1.07 1.11 1.08 1.11 1.09
C2 0.99 1.01 1.01 1.07 1.02
D2 1.0 1.0 1.0 1.0 1.0

Table 4.8 Maximum Jack Forces of Specimens Relative to Bare Steel Specimen, V-Braced EBF
Subassemblies.
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Specimen E—:‘ :ﬂ Specimen (rad?i/:.ns)

f1] [2] [3] {1 [2]

Al 132.5 | 449 Al 0.150

BI 213.5 | 432 Bl 0.129

B2 2649 | 432 B2 0.133

c1 3634 | 418 | cl 0.131

c2 3044 | 39.5 c2 0.130

DI. | 1774 | 324 DI | 0138
D2 264.0 | 48.9 D2 0.14j

Table 4.9 Energy Dissipated at Web Buckling. Table 4.10  Measured Link Deformation 7y, at
Web Buckling.

Positive Moment | Negative Moment
L e
(in) (in) (in)
[1] {2] (3] [4] (5] (6}
Exterior Beam | 1.75 59 1.28 2.2 20
Interior Beam | 2.57 17.4 1.28 22 ) 48

Table 4.11 Effective Moment of Inertia and Slab Width for Composite Test Beam Outside the
Link. '
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"Fig. 1.1 A Typical Moment Resisting Frame [7].
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Fig. 1.2 One-Storv Moment Resisting Frame Subjected
to Severe Cyclic Leoading [37).
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Fig. 1.3 Typical Arrangements for Concentrically Braced Frames [7].

129



130

8{IN)
-2 -1 o) { 2
T T T Tis0o
300+
P-3
—1000
200F
100+ -{soo
P P
(KIPSIO ————— g - 0 (KN}
. L STRUT 4
100 I W6220 —-500
1280
"zoor 1 : . 1 15-1000
-50 -25 0 e5 50
B{mm)}

Fig. 1.4 Hysteretic Loops for Axial Force vs. Axial Displacement
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(a) K-Brace {b) V-Brace

Fig. 1.8 Collapse Mechanism for K-Braced and V-Braced EBFs.
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Fig. 1.11 Energy Dissipation Mechanisms of EBFs [7].
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Fig. 1.14 Rectangular Moment-Shear Interaction Surface for Shear Links, After Kasai {7].
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Fig. 1.15 Shear vs. Link Deformation Angle [7].
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Fig. 1.17 Typical Metal Decking Used in Composite Construction.
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Fig. 2.1 Collapse Mechanism for {(a) K-Braced EBF and (b) Experimental Simulation.
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Fig. 2.2 Collapse Mechanism for (a} V-Braced EBF and (b) Experimental Simulation.
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Fig. 2.6 Location of (a) Bare Steel and (b) Composite Links.
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{a) Pinned Shear Tab Connection to (¢) Hydraulic Jacks -
Test Frame

(b) Pinned Ended Support Column

Beam Support and Hydraulic Jacks. -
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Fig. 2.9 Longitudinal Section Through Ribbed Concrete Floor Slab.
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(a)

|
' Reproduced from
| best availahle COpy.

(b)

' Fig. 2.10 Floor Slab Before Casting Concrete.
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Decking Rib

(a) Transverse Section Through Concrete Floor Slab

f
: Reproduced from
| | best available copy.

{b) General View

Fig. 2.12 Decking Detail for Specimen Bl.
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r IR (a) K-Braced EBF SubaSSCmbly
| [ ooy
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(b) V-Braced EBF Subassembly

Fig. 2.13 Deck Rib Locations Over Links.
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Fig. 2.14 Lateral Bracing of Typical Test Beam.
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(b) Instrumentation for Horizontal Displacement and Rotation

Fig. 2.21 Measuring Movement of the Steel Section.



Clip Gages

\ Reproduced from . (a)
| | best available copy.
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(b)

Fig. 2.22 Instrumentation of Link Specimens.
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(a) Top Surface of Slab

{b) Top Surface Detail

Reproduced from
bhest available copy.

Fig. 2.27 Clip Gages to Measure Longitudinal Strain on Floor Slab Surfaces.



891

gx
@
2B
wo
< 4
8 e
=0
Do
sa
o
g8
S32
<

N

{b) Arrays of Linear Potentiometers Placed Above Link

(a) Linear Potentiometer to Measure Movement

Fig. 2.28 Measurement of Vertical Slab Displacement Above Link for Specimen Al.
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(b) V-Braced EBF Subassembly

Nomenclature and Positive Sign Convention For Link Forces.

vLT



V (KIPS)

175

100 ¢

-100

1 , i\
~0.10 0.0 0.10
v (RAD)

Fig. 3.2 Shear-Deformation Relationship for Link, Specimen D1.
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Fig. 3.3 Moment-Deformation Relationships for Link, Specimen D1,
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(b) Cycle 4, at v = -0.06 rad.

Fig. 3.4 Photos of Specimen DI During Test.
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(d) Cycle 8, at v = -0.10 rad.

Fig. 3.4 Photos of Specimen D1 During Test.
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Fig. 3.6 Shear-Deformation Relationship for Link, Specimen D2,
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Fig. 3.7 Moment-Deformation Relationships for Link, Specimen D2,

181



182

T (a) Cycle [, at y = 0.02 rad.

(b) Cycle 5, at ¥ = -0.06 rad.

Fig. 3.8 Photos of Specimen D2 During Test.
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(¢) Cycle 7, at v = -0.08 rad.
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(d) Cycle 8, at v = -0.10 rad.

Fig. 3.8 Photos of Specimen D2 During Test.



184

VvV (KIPS)
100 |-
I
0
-
-100 |
1 I L 1 i 1 1 1 1 1
-0.10 0.0 0.10
¥ (RAD)

Fig. 3.9 Shear-Deformation Relationship for Link, Specimen Al.
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Fig. 3.10 Moment-Deformation Relationships for Link, Specimen Al.
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(a) Cycle 1, at v = 0.08 rad.

(b) Cycle 2, at v = -0.08 rad.

Fig. 3.11 Photos of Specimen Al During Test.
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{d) Cycle6, at v = -0.08 rad.

Fig. 3.11 Photos of Specinfen Al During Test.
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{b) General View of Test Beam

Fig. 3.12 Photos of Floor Damage After Completion of Test, Specimen Al.
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Fig. 3.13 Shear-Deformation Relationship for Link, Specimen A2.
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Fig. 3.14 Moment-Deformation Relaiionships for Link, Specimen A2,



(a) Cycle 1, at v = 0.02 rad.
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(b) Cycle 4, at v = 0.06 rad.r

Photos of Specimen A2 During Test.
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U — (c) Cycle 7, at v = 0.08 rad.
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{d) Cycle 8, at v = 0.10 rad.

Fig. 3.15 Photos of Specimen A2 During Test.
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(a) Rib Cracking and Deck Separation Above Link,
,* Positive Moment at End B of Link

best available copy.

’ Reproduced from

(b} Rib Cracking and Deck Separation Above Link,
Negative Moment at End B of Link

Fig. 3.16 Photos of Floor Damage During Cycle 8 With v = £ 0.10 rad.,
Specimen A2



{a) Floor Slab Above Link

Fig. 3.17
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(b) North Edge of Floor Slab

Photos of Floor Damage After Completion of Test, Specimen A2.
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Fig. 3.18 Shear-Deformation Relationship for Link, Specimen Bl.
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Fig. 3.19 Moment-Deformation Relationships for Link, Specimen BI.
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(b} Cycle 4

(a) Cycle 1, at v = 0.02 rad.
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Photos of Specimen Bl During Test.

Fig. 3.20
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(d) Cycle 7, at v = 0.08 rad.

Fig. 3.20 Photos of Specimen Bl During Test.



(b) General View of Floor Slab

(a) Floor Slab Above Link

Fig. 3.21 Photos of Floor Damage During Cycle 8 With ¥ = 0.10 rad., Specimen BI.
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Fig. 3.22  Shear-Deformation Relationsliip for Link, Specimen/Bl
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Fig. 3.23 Moment-Deformation Relationships for Link, Specimen B2.
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(a) Cycle 1, at v = 0.02 rad.
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Réproduced from
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(b} Cycle 4, at vy = -0.06 rad.

Fig. 3.24 PhotosAof Specimen B2 During Test.
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e — . ~ (c) Cycle 7, at v = 0.08 rad.

Reproduceu fr
J best avajlabje ggllpy.

{d) Cycle 8, at v = (.10 rad.

Fig. 3.24  Photos of Specimen B2 During Test.
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(c) General View of Floor Slab}

Fig. 3.25 Photos of Floor Slab Damage After Test, Specimen B2. S
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206

V (KIPS)
100 |
- .
° 'y
| /,{
.//
-100 =
i | 1 1L - | 1 1 .
-0.10 00 0.10
v (RAD)
Fig. 3.27 Shear-Deforrhation Relationship of Link During Scaled Taft Earthquake, Specimen C1.
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Fig 3.28 Shear-Deformation Relationship for Complete Test of Link, Specimen C1.
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Fig. 3.29  Moment-Deformation Relationships for Complete Test of Link, Specimen C1.
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(a) Att = 3.37 seconds, v = -0.012 rad.

(b Att = 7.03 seconds, ¥ = 0.044 rad.

Fig. 3.30  Photos of Link During Scaled Taft Earthquake Simulation, Specimen C1.
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(c) Att=13.14seconds, vy =-0027rad. —/mmF——r—,

lileproduced from
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(d) Att = 14.16 seconds, v = -0.06 rad.

Fig. 3.30  Photos of Link During Scaled Taft Earthquake Simulation, Specimen C1.
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(b) Floor Slab Above the Link
Photos of Floor Damage at the End of Scaled Taft Earthquake Simulation,

Fig. 3.31
Specimen C1.
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Fig. 3.34 Shear-Deformation Relationship for Link, Specimen C2.
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Fig. 3.35 Moment-Deformation Relationships for Link, Specimen C2.
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Fig. 3.36
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Cycle 1, at v = 0.02 rad.

Cycle 5, at vy = -0.06 rad.

Photos of Specimen C2 During Test.

215



216

[(‘*"‘*“—“* T —— . (C)

Reproguceg fr
best avallable

_— e ol

(d) Cycle 9, at v = -0.09 rad. |

St.



(a) Floor Slab Above the Link
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(b) General View of Floor Slab

Photos of Floor Damage After Completion of Test, Specimen C2.
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Fig. 4.1 Shear-Deformation Relationship, Comparing Composite Links and Bare Steel

Link (Specimen D1) of K-Braced EBF Subassembly.
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Fig. 4.3 Shear-Deformation Relationship, Comparing Composite Links and Bare Steel
Link {Specimen D2) of V-Braced EBF Subassembly.
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Fig. 4.14 Moment-Deformation Relationship, Comparing Composite and Bare Steel Links.
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Fig. 4.25 Defining Maximum Link Deformation v, [7).



Fig. 4.26

Exaggerated Displaced Shape of Floor Slab During Cycle | at v = 0.01 rad., Specimen Al,
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Vertical DiSplacemcnt Contours for Floor Slab During Cycle 1 at ¥ = 0.01 rad, Specimen Al.
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Fig. 4.28

Exaggerated Displaced Shape of Floor Slab During Cycle 5 at v = -0.06 rad., Specimen Al.
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Fig. 4.29

Vertical Displacement Contours for Floor Slab During Cycle 5 at v = -0.06 rad, Spccimen Al.
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Fig. 4.32 Analysis of Interior Beam on an Elastic Foundation.
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(a) Lateral Movement, Requiring (b) Restoning Flange Force Fr.
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Contour units: inches

Fig. 5.10 Vertical Floor Slab Displacement Contours for Exterior
Composite Beam Model of Specimen Al at Initial Yielding.
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Fig. 5.15 Ekaggerated Vertical Floor Slab Displacements for Interior
Composite Beam Mode! of Specimen Bl With Equal
Loads of 110 kips.
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Fig. 5.17 Exaggerated Floor Slab Normal Stress o, for Interior
Composite Beam Model of Specimen Bl With Equal
Loads of 110 kips.
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