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ABSTRACT

A unique, practibaI structural system, the eccentric bracfng
system, which possesses many advantages_in the seismic desiQn of steel
structures, is described in this work. This system employs diagonal
7braces with deliberately large eccentricities with respect to fhe beam-
column joiﬁt. The‘eccentricity is introduced to provide a ductile fuse
which wi11'prevent brace buckling at extreme loads, such‘as'thdSe‘that
may occur during a severe shake, and to avoid the poor energy dissipatioh
~characteristics which result from this buckling. The system is also a
very stiff strﬁctura] system, since linear elastic analysis indicates
that the lateral stiffness remains‘essent1a11y constant over a wide‘.
range of small to moderate‘eccentricities. Therefore, eccentrically
braced frames offer the elastic strength‘and stiffness of a Braced frame:
and the energy dissipation of a stéé] moment-resisting frame. Hence,
the system is very suitable for the design of earthquake-resistant
structures, and it has numerous poténtia1 applications.

Short beams which initially yie1d in shear are tested in cyflfc
loading. These beams were designed to sﬁmu]ate the behavior of an
eccentric e1eﬁent. It wa§ found that cyclic shear yielding of-the ec-
centric element is the most désfrab1e energy d{ssipation mechanism
because of its greater stability during large cyc]iﬁ deflections. An
analytical model for predicting thé behavior'of such beams is deveToped‘
from the test results. The model jis bésed on sandwich beam theory, which
includes the effect of cross-sectional warping caused by shear yielding.
The inelastic model is used to perform inelastic dynamiﬁ analysis of a

20-story eccentrically braced prototype structure under the 1.5 times
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ET Centro and unreduced Pacoima Dam acceleration records. The results
of these analyses are compared with the computed response for similar
ordinary braced and'moment-resisting frahes‘ The eccentric bracing
system performs very well in this cbmparison because it combines
strength; stiffness, and energy dissipation. The moment-resisting frame
did not have‘sufficientrstrength of stiffness and the ordinary braced
ffamé‘1aéked good energy dissipation, so the a1ternate structures did
not perform as well as the eccentric system. |

" Two one-third scale model éccentricé]]y braced test frames were
designed and tested. The frames were three-stories high, and they were
modeﬁed fo represent the lower corner of the 20-story prdtotype structure.
The 16ad1ng program simulates the response of the eccentrically braced
frame undef the I;S:timéé E1 Centro and unreduced Pacoima Dam acceleration
fecords in sequence. The tests indicate that the eccentrically braced
frame can be expected to survive two such seguential earthquakes with-
out a structural fai]ufe. Further, for severe earthquakes of this
intensity, the frames exhibit very sound, unpinched hysteresis loops
which do not deteridrate in strength or stiffness. The tests are also
compared wifh the inelastic model, and the comparison indicates that
the behavior predicted by the model is in‘véry close agreement Qithrthe |
test re$u1ts. | |

Finally, design fecommendations are made. The combination of

these, the analytical procedures, and the ‘test results can be used to
produce structures which are able‘to withstand very severe earthquake
excitations. 1In addition to applications in building design, which were
emphasized in this work, the eccentric bracing system offers attractive
possibi]itfegrfor supports of water towers, 1arge'spén roofs, and other

~systems in areas with severe seismic activity.
i
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CHAPTER 1. INTRODUCTION

- General

Structures which areilocated in seismic region§ must be designed to
resist considerable lateral inertial 1oads.'7The design of such structures
requires a balance between strength, stiffness aﬁd energy dissipation.

This report describes a new structural system, an eccentric brating system,
which meets the above requirements for earthquake-reéistant steel struc-
tures. The system employs deliberately large eccentricities between the
brace connection and beam-column joint, chosen to assure that the beam
yie1ds‘in shear. It is believed that this is the first application of
cycTic shear yie1ding as the primary energy dissipation mechanism Qf a
structure. The results of this study show that the system is well-suited
to earthquake-resistant design.

Any structure which is designed to withstand earthquakes must fulfil
two basic criteria. The first isrthat it must sustain ﬁo structural
'damageAand only lTimited non-structural damage during shakes which may
occur at freqdent intervals in the 1ife of the structure. This criterion
is'ﬁsually met by éﬁsuring that the ﬁtructure reﬁains elastic and has
sufficient stiffness to prevenf excessive deflections.

The second criterion is the necessity of preventing a disaster during
an extreme, infrequent earthquake; Here the primary concern is to assure
that the structure does not collapse or suffer major structura]rdamage.‘
Thig 1s accomplished by examining the inelastic force-def]eétion hysteresis
Toops of the structure, fheaneaenclosed within these loops is a measure M
of the ability of thé'structﬁre to dissipate energy. If the loops are full
and do not deteriorate Under-repeated and revérsed lToadings, the structure

is much more 1ike1y to survive .a strong quake.A Energy disSipatidn is

-1-



poorer in structures with pinched or deteriorating hysteresis Toops. The
safety of such structures can be appraised only from a detailed evaluation
of the inelastic response of the structure. As a result of the man& |
uncertainties in response eva]uations; designers tend to avoid structural
systems which exhibit pinched or deteriorating hysteresis 106ps‘in favqr
of other systems with better hysteretic behaviof. |

Concentrically braced structures are very/economica1 structUres
with ﬁore than enough stiffness to satisfy the first criterion.‘ However;
these structures have not been as successful in satisfying the second
criterion because they often have strongly pinched hysteresis loops.
On the other hand, moment-resisting frames have full, unpinched Aystéresis
loops but .tend to be relatively flexible structures, and sometimes it
is uneconomical to develop the desired stfffness in these frames.r

It is apparent that the best system for earthquake resisﬁant
structureSVWOu1d economically combine the strength and stiffness df a
braced steel frame with the excellent energy dissipation of a moment-
resisting frame. The eccehtric bracing system which is described 5n
this report appears tb be such a system. While its fnitia] Eost in terms
of désign and connection details may be siightly higher thaﬁ for a
moment-resisting frame,‘it may more than make up for this in the consid-
erably lighter steel and small weld sizes required.
Background

Historically steel moment-resisting frames have been highly regarded
by structufa] designers for thejr earthquake-resistant‘béhavior. These
~ structures performed very well during the 1906 San Francisco Earthquake
and in other more recent earthqﬁakes. However, the 1972 Managua Earth-
quake shdwed that stiff sHear wa]Ts‘offer many advantages during a

severe shake. Since then a strong interest has developed in stiffer

-2-



- structures for earthquake-resistent construction. Since moment-resisting
frames tend to.be flexible, braced frames are considered as a means of
providing increased structural stiffness. Concentrically braced fﬁaﬁes
can easi1y provide,the‘needed stiffness,lbut their cyclic inelastic behavior
is questioned by many designers. Hehce, there is strong interest in
better understanding and improving the performance of braced frame
structures. |
Reports on a number of studies which investigated the cyclic inelastic
behavior of braced frame structures are availab]e in the Titerature. Many
of the findings and conclusions are summarized by Popov, Takanashi, énd
Roeder [1]. A1l of these studies confirm that the cyclic inelastic _.
behavior of concentrica11y braced frames is strongly 1nf1uen¢ed by the
cyclic post-buckling behavior of the individual braces. This bracel
behavior has been experimentally and analytically studied by a anbér of
investigators [2,3,4,6,7,8] who obtained cyclic axial force-deflection
relationships of the type’shown in Figure 1. The general behavior, shown
in Figure 1, can be classified into seQera1‘distinct zones. Zone 0-A
starts with linear elastic shortening of the brace but, because of
initial imperfections, becomes 1ncrea§ing1y nonlinear as the stability
load is approached. Zone A-B has steadily decreasing axial force with
1ncréésing axial shortening, because of the large plastic rotation
forming. at the center of the bréce. The 1oading is reversed at Péint B
in Figure 1 (a), so zones B-C and C-D consist of elastic restraightening
of the severely deformed brace. Zone D-E EonsistslofA1neiastic‘restraight-
ening of the brace, since the tensile, axial force is large enough to
form a reversed plastic hingé ih the middTe of the brace. At'poiﬁtlE,

the brace is essentially restraightened. Therefore, P-A moments become



nearly zero and further elongation, zone E-F, is purely a plastic
elongation of an axially loaded member. The 1oad1ng is reversed at point
F in Figure 1 {(a), and the slope of zone F-G is very similar to the initial
slope of zone 0-A. Llater cycles exhibit fhe same characteristics as the
first cycle, but the compressive buckling loads may be substantially
reduced because the brace is not perfecf?y restraightened after each
cycle.

A number of experimental and analytical attempts have been made to
‘ trans]ate the inelastic cyclic behavior of an individual brace into the
behavior of a braced frame‘[4,8,9,10,11;12,]3{14].> The earliest analyti-
cal studies [9,10,11] used variations of the sTip model [1] of brace
behavior to predict the behavior of braced frames. The later analytical
studies [4,8,12] used more accurate mathematical models which simulated
more ‘closely the behavior shown in Figure 1. A1l of the studies produced
cyclic inelastic frame behavior which is characterized by strongly pinched
hysteresis loops; a typical result is shown in Figure 2. The pinching is
caused-by thg large lateral deflections of the frame, whiéh are necessary
to restraighten the brace and regain the brace stiffness after buckling.

Because concentrically braced frames exhibit pinched and deteriorating
hysteretic behavior, there is an interest in developing structural bracing
systems which exhibit better energy dissipation characteristics. This |
should be possible, since steel qs‘a material is known to have excellent
energy diséipation characteristics. Steel by itself is very ductile and
it generates unpinched hysteresis loops with very slow deterioration in
strength and stiffness. Steel moment-resisting frames exhibit these
same desirab]e energy dissipation properties [15,]6]. Thus, several

bracing systems. [17,18] havé'been proposed,vwhich can be desfgned S0
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that the inelastic activity is restricted to bending yield as in moment-
resisting_frames. Since brace buckling is avoided in such designs,
desirable energy dissipation characteristics can be achieved. Fujimoto
et a1‘[17]‘testgd several frames of the eccentric K-brace type shown in
Figure 3(a), and found that they exhibited no pinching of the hysteresis
]oops.' Hisatoku [18] studied several frames of the inverted Y-bracing
shown in Figure 3(b) and found that the hyﬁteresis Toops could be pinched
or fﬁ11 depending upon.theVTehgth of the vertical strut. The staggered
truss system was studied by Gupta [19] and Hanson, Goel and Berg [20];
jn this system the center bay is not braced and the plastic behavior is
Timited to behding of the chords of the center bay. This type of‘struc~
ture may have good hysteretic behavior but it has never been studied
experimentally.

Although studies of the behavior of these alternate bracing systems
have been 1imited and incomplete, the results give'étrong indication that
eccentric bkacing is a viable alternative to the usual concentric bracing
system. This study concentrates on the behavior'of,eccentrically braced
frames. The eccentric bracing concept is emp]oyed'in diagonally braced
frames with deliberately large eccentricities with respect to the beam-
_to-co1umn jofnt. The behavior of this type of bracing is quite different
from thertypical concentric Eracing where the centerlines of beams,
columns, and braces intersect at the same point.

Scope and Objective

The objective of this study is to evaluate thoroughly the eccentric
bracing system of the type shown in Figure 4 with particular regard to
its applicability in earthquake-resistaﬁt_design. The propesed system is
unique in that the energy dissipation is provided by shear yielding of

the eccentric beam element. Since thé yield capacity of such an element
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can be determined a priori, the braces can be sized so as'to prevent
their buckling, theréby eliminating pinched deferiorating hysteresis loops.
The best connection details and design paraméters for this system afe
deiermihed from a\largg number of linear elastic analyses. A detai]éd»
experimental study of the inelastic behavior of the key eccentric elemént
is made, and an analytical model for predicting its ine1astfc behavior {s
developed. A series of inelastic dynamic analyses are éarriéd out to
déterminé the performance of this structural system and to compare it with
‘other structural systems. Quasi-static éyc]ic tests are performed on two
one-third scale mode] frames to verify that the structure does perfdfm as
predicted in the analysis. The predicted inelastic analyses are shown fo
be in excellent agreement with the experimenfaT resu]té. Finally, con-
clusions and design recommendations are given to aid in the design of

structures of this type.



CHAPTER 2. DESIGN AND LINEAR ELASTIC ANALYSES OF THE PROTOTYPE

Design of the Prototype

The selected prototype structure is the équare 20 story - 4 bay office
building shown in Fig. 5. The bay width is 24 ft {7 3 m) and the story
height is 12 ft (3.6 m) for all stories except the first, which is 15 ft

{4.6 m). The structure was designed by using the following gravity load

specifications:
Dead load of roof . . . . . .. . . . . .. ... 67 psf (3.21 kN/mP)
_Dead load of floors and interior partitions . . . 85 psf (4.07 kN/mz)
Dead Toad of curtain walls. . . . . . . . . . .. 15 psf (.72 kN/mz)
Live Toad of voof . . . . . . . . . . .. . . . . 20 psf (.96 kN/m2)
Live Toad of floor. . . . . . ... ... . ... 50 psf (2.40 kN/m°)

The earthquake lateral loads of the structure were determined by thg 1976
UBC recommendations [21,22]. The natural period of the structure was
estimated at approximate1y 1.24 seconds. It was assumed that the struc-
ture rests on a shallow, stiff layer of soil solthat tBe period of the
$0i1 is approximately oﬁe second and the Soil Interaction Factor is 1.47.
This Soi]\Factor is a new provision tolthe'UBC code. For a structure of
this type an Importance Facfo%vof 1.0 is applicable, resulting in an
équiva]ent Horizontal acceleration of approximately 7% of gravity. The
equiva1enf acceleration was applied to the dead 1oad plus 25% of the live
load to produce a total base shear of 1483 kips (6599 kN). It was assumed
that the external bays were braced as shown in Fig. 5(b). The bracing
was shifted from the outside bays to the interior bays for the upper
levels as shown in Fig. 5(b) to reduce the Tikelihood of excesﬁive]y high

tensile loads developing in the lower- columns [23]. It is quite possible

that the bracing would have to be moved to an interior frame or that the
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bracing would have to be confined to a single bay within the frame for
architectural reasons. However, this should not cause a problem, since
the proposed system is not Timited to these design assumptions. The code
recommended torsional effect was computed and as a result, the braced
frames were designed to carry 52.5% of the total base shear. The design
of the frames was essentially controlled by these Tateral loads, since
the tributary area for the gravity loads of the exterior frames was small.

The eccentrically braced frames were designed by plastic methods,
, where the force distribution was determined by a Tower bound technique,
"momenf ba]ancing [24,25,26]. The key concept to the moment balancing
approécﬁ is that, ff the designer chooses any moment diagram, which
satisfies statics and the external loading conditien of the structure,
- and also proportions the structure so that there are enough plastic

| hingeé‘to form a hechanism, the upper and Tower bound plastic theorems

are both satisfied. An initial assumption of individual member force and
moment distribution is made for the structure. This assumed distribution
is based on the desifed structural performance and the collapse mechanism.
The individual nodes of the Structure are then checked for force and
moment 1mba]an¢es, and any nodal imbalance is distributed throughout the
structure by a prescribed balancing scheme which depends on the desired
collapse mechanism of the structure. Appendix A gives an example of a
possib1e balancing scheme for a 3 story eccentrically braced frame
structure. Since members will probably be sized with slightly more
strength than required by the final moment diagram, the facfored design
Toads become a lower bound for the actuaIvstrength of the structure.

This type of'procedure was applied to the factored design loads of

tﬁe'structure. The members were then sized in 5-story increments to



simplify the design and analysis 6f the structure. Structures were
designed in this way with a number of connection and design details
including eccentrically braced frames with moment-resisting beam-to-
celumn connéction;, beams oriented‘for weak axis bending, bolted beam-to-
column connections, and several other connection details. The final
design had strong axis beam bending and moment-resisting beam-to-column
'connections. This system was chosen after considerable elastic analysis
ds the most satisfactory; the other systems were studied and analyzed but
the analyses are not included in this report. Unless otherwise specified,
all conclusions and results given in this report will apply to the final
design.

There are several comments that should be made. about this design.
The moment-resisting beam-to-column Conneétion details add considerable
cost to the design,'when compared to bolted connections. However, sub-
stantial savings are made by the greatly reduced weight of steel. These
savings in weight are realized because of the smaller beam and column
sizes. Further, the smaller member sizes result in greatly reduced weld
sizes, and the moment resisting connections are not nearly as expensive
as the moment-resisting connections of a heavier moment-resisting frame.
The beams' are smaller because the moment diagram of -the beam is in triple
or quadruple curvature. The columns ére sma1Tef because they are designed
by the weak beam-strong column concept, and smaller beam sizes require
smaller column sizes. Since the beam is designed as the weak element of
the system, the brace must be overdesigned to prevent buckling due to
strain hardening or variability in the yield stress of the beam.” Although
the brace must be ovérdesigned} it contributes very little to the total

weight of steel in the structure. The degree of conservatism to be applied



to the brace design will be discussed in greater detail later in this
report. | | |

The final deéign of prototype struéture is not covered in great
detail in this report, because it was a vefy pre]ihinary design. This.
design was established without benefit of the analysis and experimehta1
study performed later in this program. These 1ater‘studfes greatly
influenced the selection of the final reéommended design procedure, hence
more detai]ed design recoﬁmendations are'gfven in a later chapter. The
desigﬁ of the interior‘uhbraced frames is not covered in this‘report;
however, they were designed for their share of gravity loads b1us m1inimum
Tateral 1o§ds as required by the Uniform Building Code (UBC).

Linear Elastic Analyses

There are many unusual features in the design of an eccentrically
briced structural system, so a substantial program of linear elastic '
analyses was undertaken after combTetidn of the initial deéign. This
program of analyses was performed to determine which of the alternate
designs was most suitable, to further refine thezdesign, and to determine
and evaluate the key paraheters affecting the elastic behavior of the
system. The linear elastic analysis Qas performed by using the computer
program GENFEM3 [27,28]. This program is very suitable for the analysis
of Structura1 systems with this geometry. The input data are always
input with respect to a local coordinate sYstem. The program also con-
‘tains provisions for declaring some nodes as "slaves" to the displacement
of other "master" nodes. As a result of these feaﬁures, very complex
connection details can be analyzed with reTétiver simple input and oUtput.
Further, substantial changes in the §eometry can be made with few input

changes, because of the nodal coordinate generation capabi]itiés of the
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program. GENFEM3 has both beam eTemeht capabilitiés for performing
overall plane frame analysis of the braced frame structure and plate
bending and membrane elements for analyzing local effects such as connec-
tion details. The program has one major Timitation in that the beam type
elements do not include deformability due to shear.

This“program was used to perform two separate programs of linear
elastic analyses. The first program was an analysis of the overall braced
frame, which waé performed to study the deflections, member forces, and
overall behavior of the frame. The results of the overall analysis were
then used to déterminé'boundary conditions for.detailed analyses of a sub-
assemblage, which were performed by using the plate membrane and bendihg
elements to model the detailed connection subassemblage. This latter
-analysis Waé used to study alternate connection details.

Overall Plane Frame Analysis

" 'The overall linear elastic plane frame analyses were performed on
a frame as shown in Fig. 5(b). A1l of these analyses were performed with
therfu11 design gravify loads and the design earthquake loads applied.
Then various alternative initié] desighs were elastically anaTyzed‘unqer
the same loading conditions. This overall elastic analysis program was
very useful ﬂn refining the design of the structural system. ‘This brogram
was gléo‘instkuménta] in-the elimination of design alternatives which
emptoyed bolted beam-to-coiumn connections. - These.aTterﬁatives were
dropped from consideration because of the high shear force, which is
predicted in the eccentric element. Careful evaluation of possible
bolted beam-to-column connection details indicated that it was not
possib1e_t0 develop this high shear force in the eccentric element with

any of the bn]fed‘beam-to—column connections commonly used in steel
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struciures; The shear force is so large in the eccentric elements that
the web would fail in bearing on the bolt, unless a very Targe number of
bolts were inserted. It was not possible to insert such a large number
of bolts into a single row while maintaining the minimum bolt spacing.
If multirows of bolts are used, the danger of connecfion failure is
greatly increased, because of the large deformations which must occur

in the eccentric element during yielding. Therefore, the alternative
designs empToying bolted beam-to-column connections were rejected for
this ecﬁentric bracing sysfem.

The alternatives with moment-resisting beam-to-column connections
‘were carried one step further. A number of separaté analyses were made
where the loads and member sizes were held fixed while only the eccen-
tricity was varied. This series of analyses led to several conclusions:-
First, the eccentricity chosen affected the predicted stress levels and
the design of the frame. The lateral loads were held constant for all
eccentricities, but the UBC design earthquake loads were expected to
decrease with increasing eccentricity due to the increasing period. This
reduction in lateral Toads wou1d make the stress level less sensitive to
variation in eccentricity, 56 the actual UBCvdésign should be Tess
sensitive to variation in eccentricity. Secondly, the elastic floor
deformation increased with increasing eccentricity. At eccentricifies
iﬁ excess of 5 ft (1.52 m) the elastic floor deflection was expected to
exceed the deflection allowable by the Uniform Building Code.

The third and most surprising observation concerns the variation of
Tateral stiffness of the frame. For this comparison, the lateral stiff-
ness of the braced frame was defined as the total base shear divided by

the lateral deflection of a given point at the top of the structure.
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Since the loads were held conﬁtant, the total base shear was the same for
all eccentricities. The st%ffness terms were t%en normalized by dividing
through by the stiffﬁess‘of a concentrically braced frame (i.e. eccentri-
city‘equa15'2er0). The plot of this variation for the-acceptabje alter-
native design is shown in Figure 6. At an eccentricity of zero, the
Jateral stiffness is that of a concentrically braced frame. At an
eccentricity of 12.0 ft, the bface is standing verticﬁ]]y, and the stiff-
ness is essentially the stiffness of_a moment;resisting.frame. ‘The really
surprising result is that the sti%fness increases for small to moderate
(1ess.thcn 4‘ft) eccentricities. This slight increase means that the
eccentric SyStem under discussion is not a stiffness reduction or "soft
story” scheme, since the stiffness remains relatively constant even for
moderately 1acge eccentricities of up to 4 ft (1.22 m). This stable
stiffness retention is explained by the géometryhbf'the-system.

For a simple eXp1énat10n of the stability of the lateral §f1ffhess’
consider the stiffness provided by the brace in a single story braced |
frame, whfch is derived by computing‘the,horizohtal load necessary to
produce a unit horizontal displacement when all other displacements are

fixed. This computation is shown in Fig. 7 and
) 2. | |
K== cose sing - M

In the plane frame analysis, the member sizes and all gecmétry except
the eccentricity were held constant, so A, E, and h are constant and K
is'a function of 6. Figure 8 is a plot of thc variation in brace stiff-
ness as a function of 6. In thé prototypé frame, the minimum value of

B is apbrokimate1y 26°.,6, The curve in Figure 8 for 8 > 26°.6 exhibits

very similar characteristics to the curve of Fiqure 6. The stiffness
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provided by the brace is very stable over a range of small to moderate
eccentricities. . Further, this will generally be true for other structures
uSing this bracing system, since the ratio of the bay width to story
height falls into a relatively we11-defined range for most structures.

The stiffness is not likely to be stable for other bracing systems, such
as the eccentric K brace, since the minimum angle is 1ikely to be in the
range of 40° to 55°. Minimum angles in this range fall on the sharply
dropping portion of the stiffness curve.

A second factor in the increase in stiffness is the contribution
by the rotational restraint of the beams. Figure 9({a) shows a comparison
of the Tateral stiffness of two moment-resisting frames. If the rotational
resistance of the beam is infinite, the Tateral stiffness of the frame is
4 times higher than if the rotational restraint is zero. In the
eccentrically braced frame system, the eccentricity induces an extra
constraint upon the deflected shape of the beam, which is now in triple
or quadruple curvature as‘opposed to double cukvature,_and the rotational
restraint of the beam ends is increased. The added constraint,
simulated by the springs in Figure 9(b), together with the increased
rotational resistance of the beams, increases the lateral stiffness for .
small to moderate values of eccentricity.

In summary, the stiffness of tﬁe eccentric bracing system is stable
up to moderate eccentricities (to approximately 4 ft for the prototype
structure). = The stability can be attributed to two geometric effects.
(a) The Tateral stiffness of the brace is stable or increasing over the
same range of eccentricities. (b) . The eﬁcentric brace adds constraints
| to the deflected shape of the beam, and the lateral stiffness due to the

moment-resisting connections is increased accordingly.
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‘Detailed Linear Elastic Analysis

After completion of the elastic plane fréme‘ana1ysis, the remaining
designs were analyzed in more Hetﬁi] to evaiuate the local effects and to
refine further the design of the connection. These analyses were perform-
ed on subassemblages taken from the structure as shown in Fig. 10. The
Subassemb]age was modeled as a series of p]até bending and membrane elements.
The forces and bending moments acting at the interfaces of tﬁe subassemb-

' 1ages were determined from the overall linear e]aéfic plane frame analysis.
It was also assumed thét plane éections remain plane at these interfaces.
These analyses were performed on subassemblages with the beam 6rieﬁted for
bending in fhe strong axis and weak axis.- The eccentricities were varied
from 2 to 4.5 ft (0.61 to 1.37 m), and the effectiveness of sfiffgner
pTates, doubler plates, and bolted gusset plates was consideréq.

Finai]y,the designlwith strong axis beam bending and welded moment-
resisting beam-to-column connections was chosen because it exhibiied the X
most promising yield and energy dissipation characteristics whi1e}sti1]
utilizing practical connection details. The deéign with weak axis bend-
ing résu]ted ih a system which did not exhibit very promisingrenérgy
dissipation, so it was rejected.

A further result waé that a single stiffener plate is necéssary at

the brace-to-beam connection of the subassemblage to assure a unifprm

“distribution of shear stress in the web of the eccentric beam element.

The stiffener also prevents the build-up of high stress concentrations at
the brace-to-beam connectioh, and thé possibility of local yie]ding or
web crippiing is eliminated. The efféct of 5fher stiffeners in the beam-
to-column and bréce—td-beam connections wére aha]yzed, but the analyses

did not appear to indicate a strang consistent justification for their use.
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The elastic analyses showed that the shear stress was very high

in the wep of the beam. For wide flange éections with unreinforced webs,
the shear stresg was high enough that shear yielding of the web would
necessarily be the primary energy dissipation mechanism. Since the cyclic
inelastic behavior of wide flange beams was not well understood, possible
methods ofVETiminating this shear yielding were studied. It was found
that increasing the eccentricity increased the magnitude of bending
stresses as compared to shear stresses; but shear yielding of the web
could be eliminated only when a substantial doubler plate was added to
the web. To e]iminéte shear yielding completely, the thickness ef the
doub]ef plate mustAbe of the order of the thickness of the web. The
doubler plates would be quite thick and shear stress would still be high.
“Hence, it was felt that the inelastic behavior of the eccentric elements
required a great deal of study to evaluate the inelastic pérfofmance of
beams which yield in shear or have large doubler plates. |
Summary |

| In thfs chapter, the initial design of the prototype structuré was
'discussed. The design was considered for a variety of design details.
The alternates were then analyzed as plane frame struéturés, and it was
discovered that the elastic system under discussion is not a "soft story"
or stiffness réduction scheme. More detailed analyses were then performed
on subassemblages of the braced structure. Thgse were helpful in evaluat-
ing the alternate designs and determining the best. The alternative se-
'1ectéd wasva frame with strong axis beam bending, welded moment-resisting
beam-to-column connectioﬁs, and a'center]ine eccentricity of approximately
3.5 ft (1.07 m}. This fype of syétgm dissipated energy by cyclic shear

yielding of the web. At Teast one béam stiffener was required to develop
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the shear stress in the web of the eccentric element, and although
doubler plates reduced the shear stress level in the eccentric beam,

they had to be very thick.
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CHAPTER 3. CYCLIC SHEAR OF/NIDE FLANGE BEAMS

General

The general design and 1inear elastic analyses of the prototype
eccentrically braced frame were discusied in the preceding chapter. One
of the major findings of the elastic ané1ysis is that the primary yield-.
ing of the system will be shear yielding of the web unless thick doubler
plates are added to the web of the eccentric beam element. However,
neither the cyclic inelastic behavior of beams which yield in shear nor
the cyclic inelastic behavior of beams with thick doubler plates is well
undérstood. The only known experiments on wide flange beams yielding in
shear have been reported by Newmark and Hall [29]. Their tests were
pérformed by monotonically increasing the 1oad on beams, which yield in
shear, to determine if the beams would develop their full p]astic'moment,T
Mp. It was found that the full plastic homent waé attaingg after con-
siderable strain hardening due to shear yielding. These beams, which
yielded in shear, can be thought of as exhibiting 3 separate force-
deflection behavior zones. The beam is very stiff in the first zone,
because the beam is fully e1astic; VThe second zone is a zone of inter—
mediate stiffness due to the elastic flanges and plastic web. Theethird
zone is a very soft zone, because both tﬁe:webrand f1an§es are fully
plastic. Newmark aﬁd Hall presented an empiri¢a1 equation for estimating
the stiffness of the intermediate shear_yiélding zone. These tests
indicate that wide flange beams which yield in shear perform well under
monotonic loading, but they give no 1nformation about the cyclic inelastic
behavior of beams which yield in shear. |

The cyclic behavior of a panel zone with thick doubler p]atés has

been reported by Popov, Bertero and Chandramouli [30]. A number of beam-
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column subassemblages of moment-resisting frames with doubler plates in
the connection panel zone of the column were tested under cyclic loads in
this study. It Was found that the doubler plates performed well in these
tests except for one partial failure due to an inadequate weld. These
results are app1i§ab1e to the eccentric eTementg; but at Teast one major
difference must be expected. This difference is that the eccentric elements
of the prototype design will undergo much larger inelastic deformations
than the panel zone of a moment-resisting frame, becausé the eccentric
element is the primary energy diséipation mechanism. A program of testing
was undertaken to simulate the cyclic behavior of these eccentric elements;
the test specimens were 1/3 scale models of these elements of the proto-
type. This program of testing was undertaken to answer several questions.
First, the tests would determine the effectiveness of shear‘yielding of
the web of a widé flange as an energy dissipation mechanism. Secondly,
the program would resoive any question of whether the doubler plates were
capab1e of withstanding the required cyclic inelastic deformations.
Finally, several specimens, which yielded in _bending, were tested so that
‘the behavior of shéar yie]ding beams could be compared with the better
understood cyclic behavior of beams.yiélding in bending.

The test setup, procedure, and results of these tests are discussed
in this chapter. The results indicate that shear yielding of the web is
a very desirable energy dissipation mechanism for the eccentric beam
element. _This type of yielding is desirable primarily because of the
great stability it exhibits. The development of an ana]ytfcai model using

the results of these tests, is also discussed.

Test Set up

Nine specimens were fabricated from a Wéx12 section of A36 steel.

The actual material properties and residual stresses of the section are
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shown in Appendix B. The W 6x12 section was choseh‘as the closest
standard section to a 1/3 scale model of the W 16x64 section used for
the beams of the lowest stories of thé prototype.

These‘specimens were tested by guasi-statically cycling the center
Tine Toad on a simply supported beam. A simﬁ]y'supported beam was chosen
because the simple supports simulate the inflection point which must
occur at some midpoint of each eccentric-element, and because the center
1line moment simulates the high bending moment at the face of the coiumn
in beam-to-cclumn connections. The specimens were tested on a 400 kip
Ba]dwin‘hydraulic testing machine. The quasi-static cyc]it effect was
simulated by loading the specimen until achieving the desired deflection,
unloading the specimen, turning the specimen upside-down, and again
loading fn the opposite direction until the reversed deflection is
achieved. The centerline deflection of the beam was continuously recorded
by a Honeywell XY Recorder Connected to 2 Daytronic LVDTs (Linear Var%ab]e
Displacement Transducers). The readings of these LYDTs were averaged’to
eliminate any torsional movement of the beam. A photogrammetric grid
was applied to the web [15]. This was accomplished by drawing a grid of
0.75 in {18.7 mm) squares on the web of the beam with a 1 mm ink drawing
pen while the beam was undeformed. Photographs were taken of the deformed
grid at various intervals of the test. The photographs were taken on
‘glass plates which could then be compared to a reference plate, and the
grid displacements could then be determined to reasonab1e accuracy. These
displacements serve as a check of the LVDT readings and permit the measure-
ment éf local deformations within the web. The remainder of the-specﬁmen ~
was.whitewashed to better exhibit yielding of the metal. Figure 17
presenfs two photographs of this test 'setup and demonstrates the simulated

cyd]ic effect which was produced by turning the specimen upside-down.
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Design of the Beam Specimens

Nine specimens were designed and tested. The purpose of these test
specimens was to eya]uate the relative performance of beams which yield
in shear during cyclic loading. * The first six specimens were designed
prior to any testing, and the last three were modified iﬁ response to
questions raised in the first six tests. The specimens were designed by
three design options, which were intended to simulate various boundary
conditions and connection details. THese options are shown in Fig. 12.
Option A consists of two beam segments with flanges and the er welded
to a center plate wifh full penetration weﬁds. The connection of the
beam segments to the cénter plate simulates the connection of an eccentric:

"beam element to the face of the column. A tail is left on the beam beyond
the gimp]e supports to reduce the poséibi]ity of local buckling problems
and to provide warping‘restraint at the simple supports. Option Bra1so
has a tail extending béyoqd the simple supports. However, the specimen
is made up of one beam Segment with a stiffener plate welded into the
centerline position. ’This-detafT simulates the brace-to-beam connection,
since the beam is continuous and the moment is high at this location.
Option C does not have a tail extending beyond the simple support. The
supports are formed by a single plate, which is welded to the beam segment
by a full penetration weld along the web. The flanges are not connected
to the end plate, and so, these end connections simulate the connections
which would result if the eccentric beam element were connected to the
column by a bolted, non-moment-resisting connection. As a result of this
detail, the cross section may warp at this interface, because‘of different
shear strains in the web from those in the filanges. |

The primary variable of the design options was the half-span

dimension, B, which had values of 6 and 12 in (152 and 304 mm). The
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smalier dimension of-S jn represented the 1/3rscalermodeT of one-half
the eccentric element of the pfototype. Beam'spécimens of this Tength
wefe ordinarily expected to yield primarily in shear of the web. The
larger dimension of 12 in (304 mm) was chos;n, because it was large"
enough to assure that the“beam yielded in bending before the web yielded
in shear. Doub1er7p1ates were applied to the webs of Specimens 4 and 5,
to check the performance of the plafes and to reduce the importance of
shear yielding while increasing the significance of bendihg yield. The
latter occurs because the doub]er p1afe'great]y inCreéses the shear area
of the web. Cover plates were added to the flanges of Specimen 8, to
increase the moment of inertia and sectiop moduius of the cross section.
" This reduces the significance of bending yielding and increases the
sigﬁificance of shear yielding. Thus Specimen 8 was designed primarily
as a shear yielding specimen. Specimen 7 had stiffeners added to the web
and flanges. These stiffeners were added to prevent flange buckling, and
were not expected to affect the balance between bending and shear yielding.
" The design of the beam specimens is suhmarized in Figure 12 and Table
_T. The actual yielding of the specimens is a complex problem since each
beam is Toaded under combined bending and shear. However, Specimens 1;
2, 6, Band 9 wereldesigned to yiéTd primariiy in shear. Specimens 3,-
4 and 7 were designed to yﬁeld primarily ih bending. Specimen:S wifh its
doubler plate was proportioned so that'yié1ding in bending and shear
occurred at épproximate1y the same Toading. From this series of experi-
ments,-it is possible to eQa]udte the reTaffve merits of various types
of yielding by comparing resu1ts from various test specimens. The tests
also permitted a determination of the effectiveness of doubler plates

and alternate connection details. Thus, the tests enabled a study to
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be made. of a wide range of related problems even though the number of
tests was small and the tests were fairly simple.

Beam Specimen 1

Specimen 1 had a 6 in (152 mm) half span and was designed by Option
A with no doubler p]atesf‘ As a result, it was expected to yield primarily
in shear of the web., This specimen was tested‘basical1y under monotonic
1oad1ng,1with‘cyc1es later added after obtaining thé initial results.

The monotonic Toad was applied until a deflection of 1.2 in (27.9 mm)

was achfeved;_a plot of the monotonic behavior is shown'in Fig. 13. This
specimen produced the same génera1 characteristics reported by Newmark |
and Hall [29] in that there were.three distinct zones of force-deflection
behavior and the full plastic moment was achieved only after considerable
plastic shear deflection had occurred.. Strain gages were mounted on the ’
web of this specimen in an effort to predict the start of web buckling.
However, these gages were ineffective because the specimen exhibited the
characteristics of an initially imperfect specimen and had no apparent
bifurcation of equilibrium, Nevertheless, a visible buckle in the web
was -observed at 0.6 in (15 mm) center line def]ection, but the web’
buckling did not cause a decrease in 10ad due to ﬁhe formation of a
diagonal tension field. Yielding of the‘flange was noted at approkimate]y
0.4 inches (10~mm).

After monotonically loading the specimen, several cyc1es'of‘1oading
weré applied to it. The cyclic behavior of Specimen 1 is shown in Fig.
14. Two small cycles were applied from the deformed configuration after
the monotonic loading. These two cycies are essentially repetitive with
no deterioration in stiffness despite the severe deformation. Then the

loading was reversed to a very large negative dispTacement, -1.78 in
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(-45 mm). During this reversal the web-buckle from the monotonic cycle
restraightened 1tse1f and another severe buckle in the opposite direction
formed due to the dispiacement-reversa1. The Tcad remained stable during
this transition, because the diagonal tension field again formed affer
the web buckled, but a Qery slight decrease in strength began after the
épecimen was deflected through -1 in (25 mm) . After the displacement of
-1.78 in (-45 mm) the loading was reversed, and the web bucklefréstraight-
ened again. However, the web buckle formed more quickly and severely for
. this cycle, because of the very severe strain history. The load began

to drop off rapidly and the test was stopped at a deflection of 0.7 in
(17.8 mm). The specimen had probab]y the most severe accummulation of
plastic strain of a11-97specimens,'but it did not fail, The total energy
dissipated by Specimen 1 was 816.6 in-kips (92.3 kN-m).

In the initial monotonic portion of the test, the force—deflection
curve first exhibited non-linear behavior at a 10ad of approximatély 80
kips (356 kN). Since the yield point 1in sﬁear is likely to be the same
in either direction of 10ad1ng,‘fhis results in arrange'of abproximaté]y
160 kips (712 kN) for the linear elastic zone of the virgin Eurve. The
range of the 1inear elastic zone is approximately 190 kips during the
first cyclic reversal between'LPI and LP3. This represents a significant
gﬁowth‘in the Tinear elastic ione during honotonic 1oading. This growth
indicétes that thé monotonic portfon of the test obeyed an isotropic
hardening-mode1 [31], since the yié]d §urface grew significantly larger
during the strain hafdening. Figure 14 also indicates that the elastic
zone did not exhibit any visible growth during the later cycles between
LP3 and LP13, and so these later cycles exhibited kinematic hardening,

which permits translaticn but no growth in the yie1d surface‘[31].
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During the monotonic portion of Test 1, three zones of behavior were
noted in Fig. 13; a very stiff Tinear elastic zone; é 1arge‘tfansitiona1
zone of intermediaterstiffness due to shear yielding of the web; and,
finally, a very flat zone due to the formation of a plastic hinge in
flexure. The cyclic behavfor after LPI1 did not exhibit this transiational
shear y1e1ding zone. The force-def]ectioﬁ curves flattened very quickly
after leaving the linear elastic zone, and shear yielding is not apparent
in the force—defiection hysteretic curves of the cyc1és after LPT. This‘
phenomenon also adds credibility to the idea that the ménotonic loading
was strongly inf]uénced by isctropic hardening, since a growth in the
size of the yield surface would raise the yield point in shear.

A photograph of the phdtogrammetric.grid is shown in Fig. 15, and
this indicates that the yield behavior of the specimen was dominated
by shear yielding. the that the elements in the center of the reétangu]ar
grid have deformed into nearly perfect parallelograms, which are associated
with pure shear strain. The grid elements near'the centerline of the beam
and the beam supports do not exhibit quite the same behavior. At these |
Tnterfaces, the grid also indicates shear strain, since the right angles
of the grid change slightly, but the magnitude of the shear strain becomes
increasingly smaller closer to these interface lines. The reduction in
shear strain is caused by the warping festraint provided at these inter-
faces. The beam cenfer line is a Tline of symmetry fn geometry énd load-
ing, and the beam supports have a tail section extending beyond the
support. Therefore, warping cannot occur on gither of these lines,. so
shear strain must be constant a1on§ these interfaces. The constant‘shear
strain requi?es that the flanges must also deform in shear, and the shear

area is effectively increased near these interfaces. In the central
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portion of the grid, there is no such restraint against warping due to
shear deformation; the web carries nearly all of the shear and expériences
much larger shear strains.

Beam Specimen 2

Specimen 2 was of identical design to Specimen 1, but theleading was
purely cyc1ic. The cyclic force-deflection hysterefic'curves for Specimen
2 are shown in Fig. 16. This specimen was first subjected to three cycles
of gradué]]y 1ncrea$1ng‘def1ections to one side ofithe orfgin, then the
next cycles were larger and were to both sides of the origin. Neb buck11ng
became very apparent during this fourth cycle, but thé load on thé speciﬁen
steadily increased, because a cyclic diagonal tension field forméd during
cyclic loading. The test was terminated at a deflection of‘-1.55 in \
(-39.4 mm), because it was believed that little useful informatibn could
be obtained from further cycles. 'Theré was no deterioration in stréngtﬁ
or stiffness and nb specimen failure occurred. The total enefgy‘dissipéted
by this specimen was 554 in-kips (62.6 kN-m).

During the éar]y cycles of this test, there‘was a Very marked érthh
in the linear elastic zone due to isotropic straih hardening, But the
later cycles exhibited relatively constant size for the.elastic'zone;
this is typical of kinematic stréin hardening. The.siopes of the 1ne1as£ic
parts of the forcé—def1ection curQes were generally much 1érger for the
ear}y cyéles than they were for the later cyc1es, This indicates that
thé intermediate shear yielding zone again became less visible on the
force-deflection cufves after substantiaj strain hardening had Qécurred.
The photogkammetfic grid indicated the same shear deformation and

warping resistance behavior as noted for Specimen 1.
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Beam Specimen 3

'Sbecimen 3 was of the'same desiénlas Specjméns 1 and 2 except fhat
it had a 12 in (305 mm) half span. Since the span length wasdoul‘b.Ted,
the specimen was designed so that shear yielding was lesé prevalent and
‘def1ection§ could be doub]ed.r'Figure 17 shows the cyclic force-deflection
relationship for Specimen 3. The first two cycles were between + 0.4 in
(f 10 mm). They generaﬁed very repefitive force-deflection curves, but
significént fTange'Buck1ing was a1réady noted during thése two cycles.
These buckles formed in the compression flange and restraightened when
the flange was in tension. The Sﬁecimen was then 1oaded until it reached |
a def]ection of 1.25 in (32 mm) at load point LP9. Very large flange
buckles were‘observed during this cycle, and a slight decrease in load
was noted just before reaching the.cycle reversal point at LPO. The
load was reversed, and the displacement was cycled to -1.5 in (-38 mm)
at LPT1. During tHis cycle, it was obseryed that the buckled tensiie‘
f]angé.was not restraighfening properly, and the load dropped off sharply

due to specimen failure at LP11. A tear was noted propagating acfoss‘the

flange énd up the web along a line approximately 0.5 in (13 mm) from the
' center‘p1até. The energy‘diss{pated for this sbecimen was-497 1n;kibs
(56 kN-m) which ié only 61% of the energy dissipated by Specimen 1. The
maximum deflection of 1.5 inches-is-SB% of the maximum deflection obtained
by Specimen 1. |

The size of the Tinear eTast1c~zone appeared to grow slightly in the
early cycles, but the gfowth did not'appear to be.as signfficant aslthe
growth noted for Specimens 1 and 2. The rectangular grid did not exhibit
the parq]]e]ograms noted jn-Specimens 1 and 2. Therefore, shear Qje]ding

of the web was not significant in this test.
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Beam Specimen 4

Specimen 4 was the same design as Specimen 3 except that it hadran
0.1875 in (4.8 mm) doubler plate applied to the web of'the.beém. This
specimen was desighed to yield only in flexure; becauseidf the 1ong'span
and doubler plate. Specimen 4 was tested with the same cyc]fc displacement
‘program as Specfmen 3. The cyclic force-deflection Hysteretic curves for
Specimen 4 are shown in Fig. 18, The first two cycles exhibited the same
repetitive hysteresis loops and flange buckling behavior as noted for
Specﬁmen 3 except that the loads were higher due to the increased section
modU]Qs; On the third cycle, the specimen was loaded until it reached a
deflection of 1;25'in (32 mm); very large flange buckles and a decrease
in load were noted during this half cycle. Loading EeversaT was made at
LP9, and it was noted that the buckled tension flange was not restraighten-
ing‘proper1yf The load began to drop off s1bw1y at a deflection of 0.2
in (5 mm), and very small hairline cracks were seen farming in the weld |
connecting the doubler plate to the beam. The formation of these cracks
waS acc0mpanied by soft hpinging" sounds and buckling type distortion
between the web and doub]ér p1ate.l This cycle continued until the load
dropped off'sudden1y at -0.95 in (24 mm) to specimen failure. Examination
of the test specimen showed that a tearing type fai1uré had occurred at
the same location as Specimen 3. The féi]ure of Specimen 4 occurred well
before attaining the deflection at which Specimen 3 failed. However, its
load carrying capacity was 28% larger. The energy diésipated by this
specimen was 570 in-kips (67.5 kN-m), which is 70% of the energy dissipated
by Specimen 1, and thé maximum deflection was only 69% of the maximum

deflection of Specimen 1.
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Examination of the photogrammetric data verified that shear yielding
of the web was of little importance to the overall specimén‘behavior,
because the doubler plate pre?ented excess shear deformation. However,
there was some evidence that the doubler p1ate'did not perform well in
this test. At the end of the test, the whitewash on the)doub1er plate was
Qirtua]]y unmarred, whereas the whitewdsh on the web-was cracked and peeled.
This clearly showed that there was no yielding in the‘doubTer plate, while
the web had experienced yielding. The web and the doubTer plate were not
deforming together. This is known because of thé inconsistency in yield
behavior and the cracks in the we?d of the doubler plate. This cracking
in the weld of the doubler plate has also been observed in doubler plates

applied to the panel zones of beam-column subassemblages [30].

Beam Specimen 5

‘Specimen 5 was designed similar to Specimens 1 and 2 except that it
had a 0.1875 in (4.8 mm) doubler plate welded to the web. This specimen
was designed so that plastic shear deformation of the web was less signi-
ficant than for Specimens 1 and 2 but more significant than for Specimens
3 and 4. The cyclic force-deflection behavior of Specimen 5 is shown in
Fig. 19. The first one and one-half cycles of loading were between
deflections of + 0.125 in (+ 3;T’mm). ‘After these one and one half cycles,
the specimen was turned over, and the load was applied in the opposite |
direction._ However, the load dropped off suddenly while the beam was
behaving elastically. ‘This sudden drop in load was accompanied by a Toud
noise. The specimen‘was then unloaded to zerc Toad at LP6. Examination
of the specimen revealed that a number of fine cracks had formed in the
we]d'around the doubler plate. It was suspected that the weld might be
defectivé, so the test was stopped, and the specimen was refurned to

the shop. The weld metal was gouged out and inspected for possible
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defects, but no-we1d defects were found. Therefore, the doubler plates
were rewelded with full penetration groove welds, and a fillet weld was °
extended over the groove weld and the doubler to provide added strength

to the weld. The test was restarted at LP6. Then the specimen was cycled
to -0.125 in (~3.1 mm) at LP7 and 0.125 in (3.1 mm) at LP9. The beam
exhibited increased stiffness during the cycle, which can be attributed

to greater compliance between the web and doubler plate. The next cycle
varied between deflections of -0.4 in (=10 mm) at LP11 and 0.4 in (10 mm) .
at LP13. The deflection was then reversed to a deflection of -1.16 in-
(-29.5 mm) at LP16. A1l cycles up to LP16 exhibited very stable repetifive
behavior with no deterioration in strength or stiffness. However, the
strengtﬁ began to deteriorate rapidly after the load wasérevensed from
LP16 and the deflection passed through zero., A ductile.tearing typef‘
failure was noted bgtween the doubfer plate and the web, see Figure 20.
The tesf was stopped at a def1ect10n of 0.72 in (18 mm).

In the early cycles up to LP13, a very significant growth in the
strength of the specimen apd in the size of the Tinear elastic .zone was
noted for each cycle. Much of this growth must be attributed to isotropic
strain hardening during these early cycles; however, a significant portion
which-occurred after LP6, must be attributed to increased compatibility
between the web and doubler plate, which was caused by the increased weld
size. The performance of the doubler plate in the test indicated that it
would be very-un]ikely that doubler plates would perform satisfactorily
on the eccentric elements of the prototype bracihg system. The doubier
plates greatly increased the strength of the beam, but the doubler plate
and its welds were not capable of withstanding the 1arge inelastic deflec-

tions necessary in this system.
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An examination of the photogrammetric'data shows that this specimen
exhibited evidence of‘Shear yielding during the test. However, the
deflections due to-shear yielding were not nearly as great as for Specimens
1 and 2, since the photogrammetriC'grid'did not show the sharp parallelo-
grams noted for Tests 1 and 2. Shear yielding is also apparent in Fig. 19
for the early cycles. For cycles up to LP13, the slope of the inelastic
zone was quite steep as was typical of the shear yielding zone, After
LP13, the shear yielding zone is not apparent in Fig. 19, because there
is a very rapid transition between the 1inear elastic zone and the very
flat zone. The energy dissipated by this specimen was 839 in-kips (94.8
kN-m).. This is 103% of the energy dissipated by Specimen 1 and 169% of
the energy dissipated by Specimen 3. However, this increase in energy
dissipation was -caused by the 1ncreased strength, since the deflections
attained by the specimen were small compared to Specimen 1.

Beam Specimen 6

Specimen 6 was designed to be identical to Specimens 1 and 2. Its
inelastic behavior was doﬁinated by shear yﬁe]ding of the web. Since the
span length was 1/2 the span length of Specimens 3 and 4, the loading
program for the earlier cycles was taken as 1/2 the displacements applied
to Test 3 and 4. Later cyclés were taken to def1e¢tions greater than
those attained for.Specimens 3 and 4. No failure resulted from this test.
The experiment was terminated because 1ittle useful information on shear
yielding could be obtained by further cycling. The total energy dissipated
by this specimen was 624 in-kips (70.6 kN-m). The force-deflection
hysteresis is shown in Fig. 21. |

A detailed description of this test is not given, because the results
are essentially identical to Tests 1 and 2. The inelastic behavior was

dominated by shear yielding. Shear yielding, web buckling, and cyclic
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diagonal tension formed with no pinching of hysteresis loops or degrada-
tion in strength or stiffness. The early cycles up to LP9 exhibited a
steady growth in the 1ingar e1astic zone due to isotropic hardening. The
cycles after LP9 showed no significant growth in this zone, which in
general is typica] of kinematic hardening. The key conclusion which can .
be drawn from this test, is that the shear yield energy dissipation
mechanism of this specimen was much more stable than the bending yield
mechanism of Tests 3 and 4. This stable behavior can be atf?ibuted to
the festraint provided by the elastic flanges to the yielded and buckled
web. This restraint is seen as the cyclic diagonal tension field.

Beam Specimen 7

- Specimen 7Iwas designed using Option B with a half span dimension of
12 in (305 mm). It also had 2 pairs of 0.25 in {6.4 mm) stiffeners spaced
2.5 in (63.5 mm) on center on each side of the center plate; no doubler
plates were provided. The additional stiffeners were added to reduce the
extreme flange buckling noted in Tests 3 and 4 and to delay the premature
failure which resulted. The stiffeners were placed at the predicted
Tocation of the peak of the.wave forms due to flange buckling. .Thé half
wave lengths were determined using equation 6.21 of the ASCE Manual 41
[26] and observations of Specimens 3 and 4.

The cyclic force-deflection relationship for this specimén is shown .
in Fig; 22. The eafly cycles of loading were of identical displacement
to those applied to Specimens 3 and 4. The first two cycles had very
repetifive hysteresis loops with force levels nearly identical to those
obtained for Specimen 3; howeve%, no visua11y-observab1e flange buckles
occurredduring these two cycles. Therspecimen was then deflected to.

-approximately 1.25 in (32 mm) at LP10.. During this half cycle flange
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buckling was observed, but the amplitude and wave length of these buckles
were much smaller than those observed earlier in Speéimens 3 and 4. Thus,
the stiffeners forced the flange buckling to exhibit a higher mode effect.
The load was then reversed, and the deflection was increased 0.8 in and
0.4 in (20 and 10 mm) beyond the failure points for Specfmen 4 and 3,
respectively. The flange buckling becomes more severe throughout this
half cycle, and at a deflection of -1.7 in‘(—AB mm) the load dropped off
sharply because of the severe flange buckTing. The specimen was then
carefully examined and no crack or failure could be detected. Therefore,
the specimen was unloaded and reversed up to the deflection of 0.72 ‘in

(18 mm) with no loss in strength. However, at LP16 the load dropped

off very sharply to LP16A, and the test was stopped. The sharp drop in
loading was caused by a tearing failure across the tensile flange and up
the web. This failure is typical of the failures of Specimens 3, 4 and 7,
and is shown in the photograph of Fig. 23. The wave 1eﬁgth'of the flange
buckles was approximately cne-half the wave Tength obéerved in Tests 3

and 4.

The photogrammetric data verified that this specimen was only
minimally affected by shear yielding. The‘specimen attained much larger
deflections and energy dissipation than Specimens 3 and 4, because of the
delay in failure caused by the added stiffeners which restricted flange
buckling and assured more ductile behavior. However, the added cost of
these stiffeners cannot be justified since the energy dissipation and
maximum deflection of this specimen wefe nearfy identical to Specimen 1,
which had a shorter sbén and thadded st{fféneré. ‘The total energy
dissipated was 788'%h;kips-(8940 kN-m) which was 96% and 159% of that

dissipated by Specihehs 1 and 3, respectively.
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Beam Specimen 8

Specimen 8 was designed by Option B and had a 12 in (305 mm) half.
span and four 0.375 in x 1.25 in (9.5 mm x31.8 mm) cover plates attached
to the flange and web by 0.1875 in (4.8 mm) fillet welds. This sbecimen
was also designed af;er observing the results of the first 6 tests. It
was noted that Specimené 1, 2, and 6 which yielded in shear, general]y\
exhibited more desirab]e behavior. They were superior because they with-
stood larger def]ections, exhibited more stable post buckling strength
with no failure, and dissipated more energy. Therefore, Specimen 8 was
also designed to yield primarily jn shear. This was accomplished by
adding cover plates of sufficient size to raise thé p]astic.moment-enough
to develop sheaf yielding of the web. As a result of this design,
Specimen 8 was strongly inf]uenced by pIastic.shear deformations. but not
as strongly as were Specimené 1, 2 and 6. |

The 1oad program for the early cycles was identical to that experienced
by‘Specimens 3, &4, and 7. The cyclic force-deflection behavior of Specimén
8 is shown in Fig. 24. The first two cycles exhibited repetitive hysteresis
Toops with a slight growth in the linear elastic zone due to strain harden-
ing. Web buckling was observed in these cycles but no flange buckling
occurred. The deflection was increased to ]'2.1" (30.5 mm) at LP11‘and
then reversed reaching a deflection of -1.9 in (-48 mm) at LP14. At LP14,
the specimen had been deflected beyond the point of failure of Specimens
3 and 4 and .the poinf of sharp drop in Toading due to flange buck1ing in
Specimen 7. The loading was reversed to a deflection of 2.7 in (69 mm)
at LP17. This deflection level is we]l‘beyondjthe point of failure for .
all flexural yield specimens {Specimens 3, 4:and 7j. xHowevér, Specimen 8

experienced no failure or loss in strength or stiffness. The teét was
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stopped- at this point because 1ittle information on cyclic shear yielding
could be attained by further testing. At the conclusion of the test, the
specimen was still in Véry good condition.

The photogrammetric data indicated the yield mechanism was primarily
_shear yielding of the web beﬁéuse the deformed grid displayed the classic
parallelogram shapes with warping restraint noted for Specimens 1, 2 and
6. The maximum deflections attained by this specimen were in the order
of twice the maximum va]ues of SpecimenskT, 2 and 6. This doubling of
maximum deflections was anticipated but not achieved for the bending yield
specimens (3, 4 and 7), and this again emphasizes the very stable behavior
of the‘shear yielding beams (Specimens 1, 2, 6 and 8). The beams which
yielded in shear, performed well and attained larger deflections despite
yielding ahd buckling of the web because of the cyclic diagonal tension
field which wasvprovidedyby the flanges. The beams which yielded in r
"bending, expefienced flange y{é]ding and buckling, but the beam performance
was not véry Stéb]e, because the web provides no restraint to the buckled
flanges. The total energy dissipation of Specimen 8 was 1162 in-kips
(131 kN-m), which was 234% of that dissipated by Specimen 3.

Beam Specimen 9

Specfmen 9 was the only specimen designed by Optioﬁ C. It had a

6 in {152.4 mﬁ) half span with no tail left on the beam for‘warping
resistance‘at the simple supports and with no flange connection to the
end plates. This specimen was designed to yield in shear, but the design
was to provide added inéight into the desirability of warping resistance
and flange restraint, upon the cyclic behavior of beéms which yield in
shear., The‘questiﬁn is significant, because eccentric elements with a
bolted beam-to-column connection would lack the warping resistance and

“flange restraint at the bolted connection.
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- The cyc]ic_force-def]ection'hystefesis Toops for the speéimen are
shown in Fig. 25. The first cycles were taken at one half the displace-
ments used in cycling the bending yield specimens (3, 4, and 7), The
first two cycles Qere,between deflections of +.0.2 in (+ 5.1 mm). These
cycles shbw very repetjtive hysteresis 1oops, but the stiffness of the
shear yie1d1ng zone is muﬁh sma1]er.than‘that;obtained in Specimens 1,2
| and 6. This Toss in stiffness can bé seen by comparing the slope of the
elastic portions.of these early cycjes of Fig. 25 with the comparable
slopes in Figs. 16 and 21. This loss in stiffness can be attributed to
the lack of warping restraint at the simple supports in Specimen 9. The
flanges aré not cohneéted to the end plates or a beam tail, and so. the
shear strain is not uniformly distributed at the simple supports. ‘Thére-
fore, cross-sectional warping takes place.

The next cycles were between + 0.6 in (+ 15 mm). During these
cycTes, considerable twisting of thé flanges was observed becauée of the
lack of flange restraint. However, these cycles still exhibit repetitive
behaviof with no deterioration in strength. The deflection was then
reversed to -0.9 in (-22.5 mm) at LP15. The'web buckling and twisting of
flanges was very severe at this point, and a slight decrease in strength
had started to occur. The load was reversed until a deflection of 1.4 in
(35 mm) was attained at LP18.- During this half cycle, web buckling and
flange twisting became steadily wofse, and the strength began to drop off
slowly after a deflection of 0.2 in (5 mm) because of these buckling
effects. The test was terminated because of the severe web buckling.

The total energy dissipated was 804 in-kips (91 kN-m).
The photogrammetric grid indicated that the specimen was predqminate]y

influenced by shear yielding, but the warping restraint was very different
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from Specimeﬁs 1, 2, 6 and 8. Web buckling was visibly more severe for
this specimen than for any other specimen. The more severe web buckling
occurred because  the lack of flange restraint prevented proper formation
of cyclic diagonal tension field. It is well known from deep plate girder
design [32j that a trussing action between the flanges and stiffners is
needed to form a monotonic diagonal tension field. ‘The cyclic diagonal
tension field requires the same trussing action, but this action was not
possible in Specimen 9, because the flange was not conneﬁted to the end
plate. The behavior was better than Specimens 3, 4 or 7, but it was not
nearly as good as Specimens 1, 2, 6 or 8. The behavior of the specimen
indicates one’of the additional problems, which must be overcome before
bolted beam-to-column connections can be used in the eccentric bracing
systeml

Summary of Conclusions of Cyclic Beam Tests

One primary conclusion, which can be drawn from these tests, is that
shear yielding of the web is an excellent energy dissipation mechanism
for an eccentrically braced frame. The specimens which yielded in shear '
. (1, 2, 6, 8 and 9) were able to withstand larger inelastic deflections
and dissipate larger amounts of eﬁergy than the specimens which yielded
due to bending (3, 4 and 7). Furfher, all of the specimens which yielded
in bending resulted in fracture of the specimen. Noné of the shear yield-
ing specimens fractured, although two shear yield specimens (1 and 9)
deve]oped web buckling such that they could no longer maintain their
full Toad. However, these two specimens both represent special cases
in that Specimen 1 was tested under an unusually severe strain history
and Specimen 9 was designed so that it could not develop the cyclic

diagonal tension field. The remaining three shear yielding specimens
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exhibited no undesirable buckling or fracture problems at the conclusion
of the tests. This does not imply that bending yie]d is a poor energy
dissipgtion mechanism, since it is well known [15,30] that the inelastic
behavior of steel moment-resisting frames is very good. The difference
is that-the eccentric bracing system experiences very large inelastic
deformations in the eccentric element, and ﬁhese.ine1astic deformations
are larger and more concentrated than those encountered in a moment-
resisting frame. These results imply that eccentric elements which‘yie1d
in shear are better able to withstand the Targe inelastic deformations
and remain effective for further cycling.

The reason for this better behavior of shear yielding beams is the
greater stabi]ity under Tocal buckling, which shear yielding beams exhibjt.
Since the shear is the slope of the bending moment diagram of a beam?“
beams with very higﬁ shear will have only a very short section of flange,
which is plastic, even after considerable strain hardening due to plastic
hinge formation has occurred. The forhationlof flange buck1es.geﬁEra11y‘
requires flange yielding over a sufficient flange length to form a waQe
Tength of buckling [26]. As a resu1t, flange buckles and the associate@
lateral torsional buckling do not occur in conjunction wiﬁh §hear yield-
ing of the web. Very substantial web buckles form,‘but the unbuckled
flanges provide considerable restraint to the buckled web. Therefore, a
cyclic diagonal tension field can form and the_]oad is maintained.
Further, these tests iﬁdicate that the cyclic diagonal tension fie]d can
form and reform without producing any obsérvable pinéhing of thé
hysteresié Toops or degradation in strength or stiffnéss.l‘The beam must
be designed tordeve1op this cyc1ip diagonal tension field by adding
stiffeners to develop a trussing action between the flanges, stiffepers

and the web. Specimen 9 did not have these required stiffeners, and
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the cyclic diagonal tension field did not form properly. The design of
these stiffeners is similar to the design of stiffeners for deep plate
girders [32], since plate girders also require stiffeners to develop a
diagonal tension field under monotonic or static load. The beams, which
yielded in bending, had a lower shear and moment gradient, and greater
length of flange yielded during strain hardening at the plastic hinges.
Flange buckling occurs after a sufficient length of f]ange has yielded,
but the web is not able to provide much restraint to the buckled flange,
so the flange buckles deform dramatically and eventually fracture after
several reversals. This underscores the need for moment-resisting beam-
to-column connections. As is verified by comparing Specimen 9 to |
Specimens 1, 2, 6 and 8, the cyclic diagonal tension field, which is
needed to assure stable performance after Web buckling, is formed only
when the flanges and stiffeners are proper1y restrained.

The cyclic Toading whiéh was applied to these test specimens was
prihari]y tb examine cyclic behavior at large deflections. As a result,
none of the specimens were subjected to a large number of cycles. The
limited number of cycles significantly reducéd the amount of energy'
which could be dissipated by the specimens. A much larger amount of
energy could have been disﬁipated by each of the specimens had it been
cycled through a large number of small or!moderate\inelastic deflections.
However, for these nine specimens the beams which yielded in shear were
the better dissipators of energy. They were better because they dissipated
Targer amounts of energy during the test and did not fracture, so that
they would have been capable of dissipating more if additional cycles had
been run. This better dissipation can be attributed to the distribution

of plastic strain over a larger area of the web. Beams, which yield in
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bending and have flange buckles, experience very large plastic strains
locally and so the specimen fails. lThe\shear yield specimens had a more
uniform distribution of p]astic strain, and the specimens did not fail.
Finally, these tests indicate that doublér plates should not be
applied to the web of eccentric beam elements. The specimens which used
doubler plates {4 and 5) resulted in a failure of the doubler plate weld.
Moreover the doubjer plates did not deform in unison with the web, unless
a very large weld was used. This is not to say that doubler plates should
never be used, because they may be very effectivé in elements which remain
eiastic or undergo.only sma]]_ine]aétic deflection. However,-dbﬁb1er
plates do not appear to be effective on eccentric elements which undergo
very large jne]astic def]ebtions, and they are hot worth the high cost
of 1nsta1]étion.

Analytical Model for Cyclic Shear Yielding Beams

_After it was determined that shear yielding exhibits the best.
inelastic cyclic behavior, it was necessary tdrdeve1op an analytical
model which would predict the inelastic response of shear yielding beams.
The desired model was not one which would predicf,the local stresses or
strains within the elements but a global model which adequately defines
the nodal displacement of a beam.  The model could then be used. to pre-
dict the gross overall behavior of eccentrically braced‘frame structures
as opposed to the details of individual connections.

The model developed averages over and ignores many local effects
within the beam such as web buckling and diagona] tension, but remains
consistent with the general concepts of_ine1astic behavior and the test
results. It is a piecewise linear approximation of-the true inelastic

force-deflection relationship. The beam is assumed to have rotational
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restraint at both ends, and rotational plastic hinges may form at either
end as well as shear yielding of the web of the entire element. Hence
there are eight possible Tinear zones of behavior in this model. These
zones are
1. Fully elastic beam
2. Elastic web with plastic hinge due to bending at left end
3. Elastic web with plastic hinge due to bending at right end
-4, Elastic web with plastic hinges due to bending at both ends
5. Web yielded in shear but no plastic hinges due to bending
6. Web yielded in shear with plastic hinge due to bending at left end
7. MWeb yielded in shear with plastic hinge due to bending at right end
8. Web yielded in shear with plastic hinges due to bending at both ends
The beam element may fall into any one of these eight zones depending on
its strain history and state of stress. The stiffness of the element is
computed for each of these zones based on material with bilinear material
hardening. This bilinear material was modeled by a variation of the
parallel compenent approach [33, 34]. In this method, an elasto-
plastic component is combined with a fully elastic component to model
bilinear strain hardening. The fuily elastic component simulates the
strain hardening of the fully yielded element, and the‘e1asto-p1astic
component provides the remainder of the elastic stiffness. The s]opé
and yield point of the e1asto—p1as£ic component are usually taken as
fixed, but in this model these values are adjusted to permit the yield
surface to grow during strain hardening and to account for the shear
yielding phenomenon. The effect of plastic hinge formation is very
easily accounted for by this method. [34]. This is done by arbitrarily
setting the elasto-plastic component of the bending moment at the plastic
hinge to zero and partitioning and condensing the 2 x 2 generalized

/
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stiffness matrix to-a single value. When plastic hinges form at both
ends, the eTasto-pTastic.component of stiffness is reduced to zero.
Therefore, the calculation of the stiffness of the eight zones of
behavior essentially reduces to the problem of determining the 2 x 2
generalized stiffness matrix for a fully linear elastic beam and the
2 X 2 generalized stiffness matrix for a beam with a shear yielded web
and ﬁo plastic hinges. The stiffness of the linear elastic element
depends only upon the geometry of the beam, and the linear elastic
properties of the material, Young's Modulus, E, and the Shear Modulus, G.
The stiffness of the beam with a shear yielded web requires the definition
of the inelastic strain hardening properties of the material. - To define
these properties a bilinear strain hardening material model was used as.
is shown in Fig. 26. With this idealization the total uniaxial stress-
strain curve is determined by three variab]es,rYoung's Modulus, E, the
uniaxial strain havrdening ratio, p, and the yield stress, ay. A1l three
of these parameters can be empirically determined from a tensile coupon
test, as shown in the diagram of Fig. 26. It was further assumed that
the web strain hardens in pure sheér. Therefore, a plastic shear modulus,
Gp, was found using the Prandtl-Reuss equation [31], assuming that the
volume of material is constant during plastic deformation. As a result

of these conditions, the slope, G_., or the strain hardening portion of

p
the bilinear stress-strain idealization in pure shear is

. = £ ‘ (@)

This plastic shear modulus, Gp, was used in p1ace of G when the beam web

had yielded in shear.
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In addition to a plastic flow rule, a yield surface had to be defined
for the beam. This was done by assuming that the web yields in pure

shear and obeys the von Mises yield criterion. Based on this criterion,

the shear force at yielding of the webs"vp, is

. %
= e (3)

where tw is the thickness of the web of the wide flange section and d
is its total depth. Equation 3 predicts an average shear yield stress

of 0.577 o [t was also assumed that the flange yielded purely by uni-

v
axial stress due to bending. This simplification is a reasonable approxi-
mation of the beam bending behavior. To be consistent with this assump-
tion and the test results, the reduced plastic moment contributed by the

flanges, M;, was used in place of the full plastic moment, Mp.

*
Mp = tgb (d - tg) oy , (4)

where t. fs the thickness of the flange and b is the width of the flange.
[t should be noted that the use of M; is consistent with the test results
of the new cyclic tests as well as those by Newmark and Hall [29]; The
earlier tests indicated that the full plastic moment coﬁ]d be developed
in beams which yield in shear, but only after considerable strain
hardening had occurred.  Therefore, the point of first bending yield was
taken as M; for cyclic behavior. The full plastic moment can still be
achieved but only after considerable strain Hardening.

Simple Shear Deflection Theory

The stiffness matrix was determined by computing the combined bending
and shear deflection of the beém under unit forces to calculate the

flexibility matrix; then the flexibility was invertéd to obtain the
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stiffness. A simple and commonly used method of computing this combined
déf1ection of an elastic beam is to superimpose the defTection components
due to pure bending and pure shear. In the computation of the bending
deflections, it is assumed that plane sections remain plane and the
material behaves linearly, tﬁen the bending deflections and bending
stresses in the beam can be computed. The distribdtion of shear stresses
in the beam is determined by applying statics to the bending stress dis-
tribution. The shear stress distribution, which results for a wide
flange, is a parabolically varyfng stress with near1y constant shear
stress in the web, as shown in Fig. 27(a). This near]y_constant‘Stress
is approximated by a constant shear stress, as shown in Fig. 27(b).
Therefore, the shear deflections can be computed directly from these
elastic shear strains.

The .above approach is a very direct approach,'énd it produces
satisfactory results if the web of the beam is eiaétic. This is the
procedure used to compute the stiffness terms of zones 1 through 4 1in
the analytical model. The simplest method of computing p]astic,shear‘
deflections is to use the same simple shear deflection theory, but to

substitute the plastic shear modulus, G_, for the elastic shear modulus,

0’
G, when computing incremental shear strainf However, thi; simplified j
approach will not produce satisfactory resuits because it predicts
excessive warping. This simple theory assuﬁesgthat the incremental
shear stress and strain are uniformly distributed over the web and are
zero in the flanges. Therefore, cross-sectional warping must occur,

as shown in Fig. 27(c), since the shear strain is not the samé at all
points along the cross-section. This warpihg presents a problem in that

warping is prevented at interfaces between shear yielding elements and

elastic or bending yield elements. The stiffness of a beam which has
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yielded in shear will be underestimated by thiszsimp]e shear deflection
method because the method does not include wérping resistance. Figure 28
shows a plot of the monotonic test results from Specimen 1 and the
relatively poor fit provided by the application of the simple shear defTng
tion theory. It should be noted that warping also occurs when the web

is elastic, but the elastic incremental shear deflections and strain are
very small, so the warping is very small. Therefore, it is necessary“

to develop a theory which will consider the warping réstraint providéd fo

a beam with a web which had yielded in shear. |

Sandwich Beam Theory

A slightly more complex theory, the sandwich beam theory, was used
to compute the stiffness of a beam with a web yielded in shear. This
theory was used because it is capable of evaluating the effect of warping
resistance on the deflections of the beam. The sandwich beam theory
variation developed by Plantema [35] and van der Neut [36] was used for
this modei. In this theory the deflections of the beam are still

expressed as the sum of two components.
W= oW oWy ‘ (5)

but the components are determined as set forth‘below. The def1ec£ions,
W and Wy, are the partial deflections due'tb shear and bending,
respectively, and W is the total def]ection‘of the beam. These
components are shown in Fig. 29. The'component Wy, can be computed by

the ordinary theory of beam bending

Wp = FT ¢ | (€)



where M is the bending moment - of the beam, E is Young's Modulus or the
slope of the uniaxial stress-strain cufve, ¢ is the curvature of the beam,
and 1T is the moment of inertia of the cross-section.. Because of the
previous assumptions, the web of the shear yielded beam does not carry
any bending stress and thus its bending stiffness is neglected, so that

= 2

—r

3
+ 3 btf (7)

This i1s a reasonable assumption since the bending stiffness of the web is
relatively small.

It is necessary to break fhe partial deflection due to shear, W,
into two parts to determine its.magnitude. The two parts are obtained
because the f]anges must undergo the.same def]ectfon as the web at all

points, and the flange deflection must be composed of flange bending,

Vs and flange shear, Wees components so that

We T oW bW - (8)
To simplify the determination of We s it is assumed that there is no dis-
tributed load on the beam segment. This simplification is not necessary

to obtain a sojution, but it simplifies the mathematical solution without
affecting the ability of the model to compute the element stiffness.

Since there are no distributed loads, the total shear force, §, is constant
over the length of the element.

However, this total shear is carried partially by the web and

partially by the flanges, so
Q = Q,* 20 (9)

where Qw is the shear carried by the web and Qf the shear carried by a
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single flange, ‘Qf and Qw are not constant over the Tength of ‘the element.
The shear deflection of the web and flanges can be computed by ordinary

shear deflection theory.

U = B Sewee o (10a)

W GW SW WSWI_ ' (.[Ob)

Q

The Sf and Sw terms are the shear areas of the flange and web, and We is

the shear deflection of the web, which is also equal to the shear deflec-

tidn of the beam, w The terms Gf and Gw are the shear moduli terms for

.
the flanges and web; and since the web is plastic and the flanges are

elastic, these terms take on the values of the elastic shear modu]us,’G,

and the plastic shear modulus, G , respectively. The shear area terms

p
are computed by the usual engineering shear defilection theory, and

Sw = 'd'—_" th tw ) (.I Ta)
sf = tfb

The flange bending deflection term, wb%, is determined analagously

to the beam bending term

" —_ f -
Yoe T ETS (12)
where Mf is the component of bending moment carried by the flange and

If is the moment of inertia of the flange.

1 3

Le
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Statics requires that the magnitude of the shear be the magnitude of the
derivative of the moment diagram with respect to x, so when the sign

convention is considered

_EIf wal 11 - Gf Sf wsfl
and

Q = -Elw'" : (15)

The solution of these equations can be simplified by ¢ombining equafidns

and perfarming algebraic simplification, so that

, 2 2 Q
we'' -a“w, = o Tg (16a)
bf bf SwGp
I , ’ :
Wb .= ET ‘ (]Gb)
w I : _EIf wall 1 ) | |
sf G Sf ) (16c)
where
- az _ _Gp Sw G Sf . a7)
EIf (Gp Sw + 2GSf)

Equations 16a and 16b can ‘be solved directly since the total shear, Q,
and the total bending moment, M, come directly from the loading condition.
Equation 16a can be solved by separating the solution into its compli-

mentary and particular soltuions, so that

woe = Ap e an, e v A %? (18)

The constants, A], A2 and A3, can be determined from the boundary condi-
tions. The boundary conditions used for the solution of Equation 18
depend on the warping of the cross-section as well as the displacement

configuration of the beam. Figure 29 clearly indicates that the only
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cross-sectional warping that can occur in this system is warping due to
different shear strains in the flanges and the web. Since the deflections
of the flange are further constrained by Equation 8, warping is prevented

if
at that point. By a similar argument

wa“ = 0 ' (20)

if warping is totally unrestrained at a given boundary. If ﬁarping is
not, at least partially, restrained at some point in the beam element,

the solution of these equations will degenerate into the very simp1evshear
deflection theory, which was discussed earlier in this chapter. Displace-
ment boundary conditions may be more complex since the displacement is

the sum of three variables
WS W b Wt W (21)

In a1l of the test beams, the center line wasa line of symmetry, and so
no warping could occur. On Specimens ] thru 8, fhe Beam had a taijl
sectfon,beyond the simple suppbrts, o) warping’was prevented also at the
simple suppofts. The deflection was zero at the simple supports.
Therefore, the boundary conditions used to evalute the constants of

equation 18 are

at center Tine and simple supports and

Wb‘,

= = 0 | (22)

Wbt wsf
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at the simple supports.

After solving fquation 16a, the solution for Equations 16b and 16c
are easily obtained. Equation 16b is the usual beam bending solution,
and T6c is dependent upon the solution of Equation 16a. The equations
were solved for beams which exhibited shear yfe1ding of the web, and the
. stiffness of the beam for these shear yielding zones was computed as
discussed ear]ief. The force-deflection relationship for these specimens
‘cou1d then be computed by solving the stiffness formulations in an incre-
mental fashion. In this procedure, the stiffness equations are solved under
sma11A1oéd steps and the beam is checked for a change of yield state at
the end of each step: 1f a change in yield state occurs, the stiffness;
matrix is changed and the incremental solution isrcontinued. Using this
approéch and a uniaxial strain hardening ratio of 0.75 percent (see
Appendix B), the theory was compared with the experimental data from
the monotonic portion 6f Test 1. Figure 28 is a plot of this comparison;
the dashed 1ine is the theoretical ya1ue‘and the solid line is the
experimental plot. This figure indicates that the theory fits the
expérimént quite well. The fit is very much better than that produced.
by the simple shear deflection theory. It should be:emphasized that the
séndwich beam theory is still a relatively simple theory since it does not
consider any of the local effects, such as propagation of yielding, web
buckling, or diagonal tension formation. Despite these‘simp11f1cations,
the theory gives a reasonably accurate prediction of the inelastic
behavior of the beam elements. |

A physical understanding of why the Sandwfch-beam theory produces
a bétter fit thanxthe simple shear deflection thebry can be found in

Fig. 30. The warping resistance provided by the sandwich beam theory
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requires that the shear force in the beam be distributed between the flange
and web. Figure 30 consists of three typical plots of this distribution
of incremental shear force. These curves are all normalized, and the
plotted values are all dimensionless ratios. The upper curve in this>
figure represents the proportion of incremental shear carried by the

flange of the 6 in half span specimens after the web has yielded.

Virtually all of the incremental shear is carried by the flanges at inter-
faces restrained against warping after shear yielding of the web. This
Warping restraint also affects the interior points so that the flange is
always carrying 50 percent of the added shear in all parts of the beam.

" The middle curve indicates the percentage of shear carried by the flange

of a 12 in specimen after the web yielded. This curve is also indicative
of the dfstribution predicted for thé prototype eccentric element.
Virtually all of the additicnal shear is transferred to the flanges at

the interfaces, but the proportion of shear carried by the flange in the
intermediate beam is substantially reduced. Both these curves substantiate
- the deformatioﬁ patterns noted in the tests of Specimens 1, 2, 6 and 8.
After the web has y1e1ded, virtually all the incremental shear is trans-
ferred to the flanges af interfaces where warping is prevented. There-
fore, the shear strain of the web becomes small near thesé interfaces,

as noted in Fig. 15; In the central portions of the half spans, the
additional shear is still carried primarily by the web, and the p?astic'shear
strain in the web is much Targer. The third curve in Fig. 30 is the
percentage of shear carried by the flange when the web is fully elastic.
The flange carries a greatly reduced percentage of the shear despite the
warping restraint at the ends, so the effect of warping is much less

severe when the beam is fﬁl]y'e1astic. It is then appropriate to use

the simple shear deflection theory for the fully elastic beam.
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Cyclic Shear Model

After completion of the monotonic  test comparison, the theory was
extended to include the cyCTic behavior of shear yie]ding‘ﬁeams. The
strain hérdening and yield criteria are reasonably well-defined for the"
monotonic case, but they are not well defined for the cyclic case. There
are two simpie bi1fnear strain hardening models for cyclic Toading:
kinematic and isofropic hardening [31]. Kinematic hardening is strain
hardening in which fhe yield surface is permitted to translate but not
grow in size. This is a very popular model because it accounts for the
well known Bauschinger Effect. Isotropic hardening permits the yield
surface to grow in size but not to translate in the stress space. It is
well known that neither-of these models accurately represents the cyclic
behavior of steel. It was noted in the cyclic tests of the shear yield-
ing Eeams that the early cycles exhibited considerabie growth in the
' yield surface but later cycles exhibited no graowth in this surface.

Dafalias and Popov [37,38) have shown a more complex model that
gives a more accurate representation of cyclic stress-strqin behavior.
This theory produces a particu]ariy good fit on cyc1e$ performed at
large strains. This model consists of a yield surface and bounding
surface. Both of these surfaces may trans1ate.And grow in the stress
.space. The yield surface is allowed to approach and contact the bounding
surface, but the yield surface cannot intersect the outer bounding
surface.. Later studies by Petersson and Popov [39] ﬁndicate that this
model could be refined by a weighting function. This refinement improves
the accuracy.of the cyclic stress-strain prediction at smaller straihi
levels. The weighting function ‘takes a combination of the.cyc1ic stress-

strain relation and the monotonic coupon test stress-strain relation to
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develop the refined model. The additioq of the weighting function per-
mitted an increase in 1nf1uenqe‘of the isotropic type hardening in the
smaller strain cycles sfnce experimentally these cycles éxhiﬁ{f consider-
able growth in the yield surface.

. The application of the very simple kinematic and isotropic hardening
models did not produce a satisfactory fit to the experimental results, and
a more refined model was,deve]oped; There was no attempt to apply the
full sophistication of the above models because of the several simplifi-
cations made in the sandwich beam shear yield theory. Instead, an
rempirical model was developed which satisfied the general yield surface,
bounding surface, and strain hardening concepts of the above theoretical
models. The proposed empirical mbde1 fits the test results reasonably
well,

As was discussed earlier, a variation of the two component approach
was used to model the plastic element behavior. This model is basically
a kinematic hardening model. Isotropic hardening was -introduced into the
early smaller cycles by allowing the yield stress of the elasto-plastic
component to graw larger during strain hardening. This theory was
intended only for beams which yielded primarily in shear, and so the
growth in yield point was app]ied-on1j to the shear. This accomp]ishe&

a dual purpose in that it assured that the earlier and smaller cycles
were more significantly affected by isotropic hardening and it provided
a bounding surface to the isotropic hardening. Therefore, the shear
yield effect will disappear after sufficient strain hardening due to
shear yielding has occurred. This agrees well with the test results
since the beams which yield in shear exhibit pronounced growth in the

elastic zone in the early cycles and masking of the shear yield effect
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in 1ater cyqles. This growth in the yield surface was ﬁermitted only in
the direction of yield. It sh0u1d be noted that no axial softening was
applied to this model during shear or Eending yield. This waé done‘
because there is no known method fbf predicting this softening, and the
axial 1gads are generally quitevlow in th; eccentric elements. Moreo§er,

the shear beams were tested with no axial loads.

Fit of the Cyclic Shear Model
The cyclic shear model was applied to the cyclic shear yield beamn
Specimens 2, 6 and 8. it was applied to these §pecimens because they
yielded jn cyclic shéar and had the required warpiﬁg restraint in thé
beam. THe comparison of these predictions to test reéﬁlts are shown inuﬂ
Figs. 31, 32, and 33, The fit that is obtained by this model is duite
good, especially in the more important range of smail énd moderate
deflections. It should belagain noted that this mode]Iis a yeryrgfmple
model which is intended to predict the gross overall behavior of an
elemgnt and a structure. It completely ignores local effectslsuch as
web buckling, diagonal tensién formation, and progression of yie]ding.
Further, the model applies only an empirical approximation of the true
cyclic material behavior. The model also uses infinitesima] sérain theéryf
However, at deflections of greéter than about one inch (25 mm) fbrl | |
Specimens 2 and 6, of 2 inches (50 mm) for Specimen 8,.the strains are
quite large andka finite étr@in tﬁeory'would‘be more appropriate.
Infinitesimal strain theory is not a severe 1im1tat16n because deflections
which are large enough td require finite sfrain theory ﬁan bccur only
after an eccentrically braced frame haS-undergone severe lateral déflec- |

tions.
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Despite theseilimitations, fhe fit is quite gbod. The fit is
particularly good for small and moderate deflections. The slope of the
elastic zone of the modeT is éonﬁistentTy stiffer than the slope found
experimentally. This is not a 1limitation of the model, but a 1imitafion
of the experimental brocedure emb]oyed. The test specimens Qere designed
with an 0.375 in (9 mm) radius for a simple support, aé shown in Fig. 12,
to permit the specimen to rotate freely. This support system accomplished
these ends, but it resulted in a‘contact‘stress problem at the supports.
This problem is well known [40,41],and Tocal yielding must be expected at
these pofnts. The deflection due to this local yielding was nhot monitored
durfné the test, but the maximum values could be determined after the
test.‘.The ﬁaximum deflections due to this local yielding were found to
be in the range of 0.0]vto 0.02 in (0.2 to 0.5 mm). This small deflection
is apparent in the stiffness of the elastic zone, but it is insignificant
in the 1ne1astié deflected beam.

Alfhough the'analytica1 model fits the test results wejl, there is
some room fof improveﬁéht of the model. There are two genera] ways in
which the model could be improved. The first is to keep the very simple
modé1 concept, but to improve fhe modeling of the cyc]fc constitutive
relations. For ekamp]e, no isotropic hardening is applied to the yield
due to bending. Figures 31, 32, and 33 show that the it could be
improved if the bending'yield Qeré allowed to increése because of strain
haf&ehing in éome of the earlier cycles. Further, a more realistic model
of the bounding ;urface could improve fit by further eliminating or
reducing the Strainvhafdening effect at very large deflections. Fiﬁal]y,
as the more refined analytical model is better understood, perhaps the,‘ |

refined model could be applied directly to this theory by assuming the
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web acts in pure shear and flanges act under pure uniaxial stress.
The second method for improving the analytical model is to improve
the sophistication of the model itself. This could be done by dividing
the individual shear yielding beam into a number of finite elements which
conéider the inelastic cyclic constitutive relation of the material. If
the elements included plate bending effects, this type of model could
take into account propagation a yielding, web buckling, and diagonal
tension field formation. The accuracy of the model would be improved
if all of these local effects were considered, but the complexity and
cost of analysis would also be increased.
| No comparisons are made for the other beam specimens, because the
cyclic shear theory did not apply to these cases. The theory applies only
to beams which yield in shear before plastic hinges form at both ends of
the element. This can be assured by designing the beam such that

2y

< (23)

v
| PI A

if the rotationa1‘restra1nt is applied atrboth ends, or

(24)

if simply supported at one end. It is essential that the cross-section
be restrained against warping at both ends. Thus, a simply supported
end requires a tail or other means of providing warping restraint.

Summary of Cyclic Shear Yield Behavior

The results of the cyclic béam tests indicate that cyclic shear
yielding of the web provides a very desirable energy dissipétion mechanism,
Beams which yielded in shear dissipated more energy, withstood larger

deflections, and exhibited greater stability than beams which yielded in
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bending. Beams which yielded in bending had flange buckling problems,
while shear yielding beams buckled only in the web. Web buckling is a
more desirable buckling form because of the cyclic diagonal tension field.
However, shear yielding beams must be desighed with stiffeners and flange
restraint if the cyclic diagonal tension field is to form.

Based an the results of the beam tests, a simple ahalytica] model of
cyclic shear yield behavior was derived. This model fits the experimental
results very well, and it coincides with general observations from the
individual tests and with the general concepts of cyclic inelastic

constitutive theory.
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CHAPTER 4. IHELASTIC DYNAMIC ANALYSES

General

The purpose of this chapter will be to discuss an inelastic dynamic
ana1ysis.of the prototype structure. In performing this analysis, the
analytical model of the shear beam is first incorporated into an existing
dynamic analysis program, DRAIN-2D. The eccentrically braced frame is
then analyzed under two separate base excitations and the predicted
behavior is presented and evéluated. Three aiternate structural systems
are also analyzed under the same two base excitations, and the responses
of these alternate éystems are compared with the predicted response of
the prototype system. The objective of this series of analyses is to
understand better the inelastic behavior of the total eccentric system
both with respect to. itself and also relative to other structural systems.

DRAIN-2D Dynamic Analysis Prggram

The DRAIN-2D program [34] was used to determine the behavior of the:
prototype frame; the program performs a plane frame inelastic dynamic
analysis for structures subjected to a base excitation. The analysis
employs a step-by-step procedure with thé yield state of each element
checked at the end of each time step. The tangent stiffness modifications
and the equilibrium corrections for any imbalance due to change in state
are applied at the end of each time step; the time step is held constant,
and no 1teratibn is used, however, eguilibrium corrections are abp]ied at
the end of each time step to correct for any imbalance due to change in
state. These corrections are applied to prevent the imbalances from
accumulating and causing the solution to diverge. Becau;e of the several
simplifications used in this procedure, the solution is by no means exact.

[t will approach the exact solution, however, if a suffiéiently small
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step is used, but, since the cost of the so]ﬁtion increases with decréas-
ing time steps, it is desirable to perform the anélysis with the largest
time step which gives sufficienny accurate results. Therefore the results
of these analyses are not used to predict minute differences in.behavior,
but rather to determine general trends of structural behavior.

One of the main advantages of the DRAIN-2D program 15‘the relative
ease with which new inelastic elements can be added. This was the primary
reason for the selection of this dynamic analysis program. The elements
provided with the basic DRAIN-2D program include: (1) a brace type
element (E]émént 1) which yields or buckles as in a variation of the slip
model [1]: (2) a beam-column element (ETement 2) which includes the
interaction between axial force and bending moment; and (3) a beam element
(E1gment75) which considers only yielding due to bend{ng. The beam and
beam-column_elements yield only in bending, since there is no axial soften-
ing after yielding. The elements also obey a bilinear strain hardening
model which is primarily a kinematic hardening model. In the eccentric
bracing system under study, it was determined that the primary method of.
energy dissipation would be cyclic shear yield of the eccentric e]eme%t.
Hence, the cyclic shear yield model discussed in the previous chapter was
also programmed for DRAIN-2D, The basic beam element -(Eiement 5) was
used to form the cyc1ic shear yield element. The programming of the
shear yielding element was §1mp]ified, since a number of parts of the
analysis were 1dent1cél to those used by the beam element. For example,
the app]ication of damping effect, initial and fixed end force app11cé-
tions and geometric stiffness application were essentially uncﬁanged from
E]ement.S. However, major changes had to be made in the state determina-

tion, bending stiffness calculation and input subroutine. The behavior of
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this element coincides with the behavior described in Chapter 3. A .
1isting of the element subroutines, input instructions, and some comments

on the use of the element are given in Appendix €.

Pbst-Buck1ing Brace Element
The only existing‘brace type element for DRAIN-2D was the slip model

eTement (Element 1), It is well known [1] that the slip model does not
accurately repreéentrthe 1ne1asfic behavior of a brace, because it does
not accurately reflect the behavior of a brace after it has buck1ed.
Similarly, a brace, which yie]ds in compression as permitted in Element 1,
greatly overestimates the ability of the brace to dissipate energy. Since
neither of the post buckiing brace models permitted by Element 1 were
accﬁrate‘representatives of true brace behavior, a more realistic brace
element was also programmed for DRAIN-2D. This element. was programmed by
starting with the basic structure of Element 1. As a result, the program-
ming was again simplified since damping effects, geometric stiffness and
some other computations.remained_unchanged. Maior changes were made to
the stiffness and state determiﬁation calculations. The assumed inelastic
behavior of the brace, which was used in this element, is very.similar to a
model developed by Nilforoushan [12]. The model used is a linear
approximation as shown in Fig. 34 of the true brace behavior shown in
Fig. 1. Nine linear zones, which are defined by the strain history and
other critical parameters, are used to approximate the true brace behavior.
The critical parameters are input values, and they are determined by

making a best fit to the brace behavior, which was determined by
experimentation, by theoretical derivation, or by other acceptable means. This

provides more flexibility in the analyses, since the brace béhavior is not tied
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to a specified theoreticaT model. The critical parametérs, input instruc-
tions and a listing pf the element subroutines are given in Appendix D.

This model also simulates the deterioration in buck]ing strength of
the brace, which occurs in consecutive cycles. Experimeﬁtatioﬁ has shown
that_the buckling 1oad achieved on later cyb]es usually fs greatly reduced
from the buckling load on the first cycle [1]. The reduction takes place
because after the brace buckles it inelastically kinks. In principle, it
may be possible to reétraighten such a kink Eomp1ete1y, when the load is
reversed. However, as a practical matter, the brace is not able to |
restraighten completely. As a result, it is less perfect in later cycles
and buck]e; at a lower compressive load. Examination of the results of
cyclic tests of axially loaded members indicates that the compressive Toad
deteriorates less when the kinking is less severe. These results also
indicate thaf there is a 1imit below which the buckling load will not
deteriorate. The Post-Buckling element which was developed for DRAIN-2D
pennfts the input of an initial and minimum buék]ing ioad of the brace,
and tﬁen the buckling Toad is varied for later cycles as-requiredQ The
details of this reduction procedure are also given in Appendix D.

Alternate Structures

Four alternate structures were analyzed by DRAIN-2D. These were the
prototype eccentrically braced frame, a concentr%ta]]y braced frame with
all bolted connections, a concentrically braced frame with moment-
resisting connections, and a moment-resisting frame. A1l of these frames
were designed for the same geometry and the same gravity loads. The
braced frames were assumed to be exterior frames which carried the total
lateral loads and were therefore designed to resist, individually, 52.5%
of the lateral loads and 12.5% of the gravity loads. The moment-resisting

frame was assumed to be one of five frames, which carry tributary loads.
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Therefore, the interior frames were taken as the critical frames and they
were designed for 25% of the total Tateral and gravity loads. The natural
periods of all three braced structures were very simi]ar,:so the. design
lateral joads were alike. The moment-resisting frame was a much more
flexible structure, and its design lateral loads were markedly smaller
~because of its longer period. However, this did not siQnificant]y affect
the design, since the design of the moment-resistfng frame was controlled
by the maximum story drift. The moment-resisting frame wés approximately
30% heavier than the braced frames. 1t should also be noted that the
design of the eccentrically braced frame was more refined by the detailed
Tinear elastic analyses which were performed. The other frames were not
designed to the same degree of refinement. Therefore, these designs must
be considered preliminary, and 1mprovehent in the dynamic performance of
these three alternates may be achieved if the design is refined. The
design of these a1ternate\;tructures were performed in 5 story increments.

Input Parameters

A1l of the analyses were performed with a 0.01 second time step,
which was chosen after several trial runs of the first few seconds of
7the eccentricaljy braced frame analyses. Considerable.iné]astjc activity
had occurred during this time span,rand the results with the larger time
step were sufficiently similat‘to the results with the smaller (0.005
‘seconds) time step that the cost of the shorter time step was not warranted.
A11 of the alternate structures were analyzed with original stiffness
prﬁportigna] damping where the damping was approximately 5% of the critical
damping for the first mode. Original stiffness proportional damping was
chosen because it was felt to be more indicative of the true conditions.
It is also desirable because it distributes the damping effectrthrough-

out the‘structure and not just at mass points. Further, it was thought
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that the bulk of the damping effect wou1q be attributable to cracking of
floor slabs, damage to nonstructural walls, and etc. Therefore, it was
expected that damping would substantially increase after yielding of the
structure. Original stiffnesé damping results in a substantial 1ncfease
in damping'after yielding, while tangent stiffness damping produces a
significant decrease in damping effects. Therefore, original stiffness
damping was thought to be mbre realistic.

The four alternate structures were analyzed under two separate base
excitations. The first excitation was 1.5 times the E1 Centro 1940 N-S
component acceleration record shown in Fig. 35. The first 8 seconds of
this record were used, since this time period contains nearly all of the -
high acceleration peaks and the major part of the inelastic activity should
occur within this time period. The peak acceleration for this record is
approximately 0.5 times the acceleration of gravity. It is believed that
this record is a realistic indication of the intensity of shaking that
could occur in a moderate to severe earthquake. The second acceleration
was the Pacoima Dam record of the 1971 San Fernando Earthquake. This
record, which is shown in Fig. 36, has a peak acceleration of approximately
1.2 times the acceleration of gravity. The firét 15 seconds of this
recokdrwere used, because all inelastic activity should be concentrated
within this time period. It is well known that the very high accelera-
tions of this record are a result of ampTification due to local site
conditions. Moreover, this record is associated with a sma11‘impu1se type
loading and was used to determine the relative performance of the
alternate structures under such a dynamic loading. It is not intended

to imply that a structure should be designed to resist this excitation.
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The analyses were performed on the alternate systems with the P-a
effect of the frames accounted for by means of the geometric stiffness.
The gravity loads which were used for the computation of the geometric
stiffness included the frames share of the full dead load plus 10% of the
total Tive Toad. It shoqu be noted that a fully accurate resolution of
the P-A effect requires. a 3-dimensional analysis including the gravity
effect of all interior frames. This problem will be discussed in greater
detail in a later section. The braced frames were designed as exterior
frames, so they all carried 12.5% of the total gravitj loads. The moment-
resisting -frames were designed as interior frames, so each one carried

25%. of- the total gravity loads. The total mass of the structure was also
“taken as the mass of the total dead load and 10% of the Tive load. The
braced frames were designed to carry all of the Tateral loads, and so,
each braced frame was-assigned 50% of the total mass of the structure.

The design lateral loads were distributed among the moment-resisting frames,
and so each interior frame was assigned 25% of the total mass. The gravity
loads were also distributed elastically throughout the frame, and hence
affected the first yielding of each element. This :should not greatly
affect the performance of the frames;~however, once the.ihe]astic behavior
of the frame has started. |

Results from 1.5 Times the E1 Centro Excitation =

The four alternate structures were analyzed under 1.5 times the El
Centro excitation. Figure 37 is a plot of the maxfmum relative displace-
ment‘of the various story levels for the alternate structureﬁ. The solid
1ine in this plot is the -eccentrically braced frame. The triangles
indicate the bolted concentrically braced frame, diamonds indicate the

concentrically braced frame with moment-resisting connections, and the
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squares represent data points of the moment-resisting frame. The maximum
relative displacement of each story level is the maximum deflection rela-
tive to the structures' unqeformed configuratidns. These maximum values
do not occur at the same time for all story levels, so the curves plotted
in Fig. 37 do not represent the deflected shape of the structure at any
one time of the analysis. The maximum relative deflection of the
eccentrically bréced frame is significantly smaller than those of the
other a?ternafe structures.. The maximum deflections of the concentr%ca11y _
braced frames were the largest for the upper stories, and the maxjmum |
deflections of the moment-resisting frame were the largest for the Tower
stories. THe curve for the moment-resisting frame exhibits a sharp kink
at the 10th floor level. The reason for this sharp kink is that the time
of the maximum deflection was very different for the top and bottom
stories. The large time difference is introduced because the moment-
resisting frame is a more flexible, longer period structure, and the
higher modes are more appérent.

Figure 38 15 a plot of the maximum story drift for each alternative
at thelvarious story levels. The various curves are defined by the same
legend as for Fig. 37.‘ The maximum story drifts are generally smaller
for the eccentr1c511y braced frame and generally larger for the moment-
resiéting frame than for the other alternatives. The eccentrically
braced frahe experienced smaller story drifts because it was a .stiffer
structure with very good energy dissipation capabilities. The moment-
resisting frame also had very good energy dissipation but it was consid--
erably more flexible, and so 1t‘experienced the Targest drift. The curve
for the eccentrically braced frame was relatively uniform indicating that
the deformation was greater at lower stories but basically well distributed

throughout the structure. The curve for the moment-resisting frame
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exhibits two zones of high story drift. . These two zones apparenfly indi-
cate that,higher‘modes‘of vibration play an important role in the response
of the moment-resisting frame. The concentricalily braced frames had
slightly Targer story drifts than the eccentriéal]y braced frames, and

the curves were somewhat more erratic than for the eccentric and moment-
resisting frames. The erratic nature of these curves was most apparent
in the Tlower stories where the buckling of the braces were most severe,

so the curves would probably be smoother if the structural_members were
sized over smaller in;erva1s and if the des{gn were more refined;,

Figure 39 is a plot of the deflected shape of the alternate structures
at the end of 8.0 seconds. At that point, the inelastic activity pro- -
duced by the E1 Centro record was essentially complete, and the analysis
wés stopped. The velocity at that time was not equal fo zero, so Fig. 39
does not represent the final deformed shape of the structure. However,-
because'future deformations would have been primarily elastic, this de-
flected shape and the individual time histories of the floer levels can:
be used to infer én approximate final deformed configuraticn. A study:
of these curves leads to several conclusions. The first is that all of
the four é]ternate structures will return to a final deformed shape which
is close to the original undeformed configuration of the structures, but
the eccentrically braced frame should be somewhat better than the other
alternatives. It will have smaller permanent lateral deflection than the
concentrically braced frames, and it will ethbit a straighter def]ected.
shape than the moment-resisting frame. "The moment-resisting frame will
assume a kinked final deformed shape because of its larger story drifts
and the influence of higher modes of vibratﬁon. The second conclusion
is that ﬁathematica1-mode]s predict that thereccentrica11y braced frame

and the homent-resisting frame will regain their full lateral stiffness
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at the end of the excitation, because their yielding mechanisms do not
exhibit any deterioration during the analyses. The concentrically braced
frames will -have only a small portion of thefr initial stiffness because
the analyses indicate that most of the braces have buckled. These buckled
braces will behave elastically at the end of the'excitations, but some of
them will be so severely bent that their elastic stiffness is only a small
fraction of their initial stiffness. As a result of this great lagss in
stiffhess, the»concentrical]y braced frames must be expected to experience
large iatera] deflection during even minor windstorms or aftershocks.
Since the concentrically braced frames have lost much of their stiffneés,
they may alsoc require major structura1-repair to regain this stiffness.
The eccentrically braced frames will require repair only for non-struc-
tural damage. Further, the alternate structures have suffered larger
permanent lateral deflections ﬁndthese are more likely to be condemned.
A final conclusion to be made from this comparison is that the eccentri-
cally braced frame is likely to be reparable at the conclusion of this
level of excitation. This desirable attribute occurs because of the good
energy dissipation characteristics of the eccentrically braced frame. A1l
of the frames dissipated large amounts of energy, but the eccentric frame
and moment-resisting‘framE'dissipated this energy without any degradation
in strength or lateral stiffness. As a result of this better dissipation
behavior, the eccentric system is predicted to come out of the excitation
in better condition.

The comparison of the performance of thé alternate structures can
be summarized by noting that all of the alternate structures performed
satisfactorily under a substantial excitation. However, the eccentric

bracing system did perform better. It experienced smaller relative
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deflections and story drifts, and the eccentric system appears to be a
more repairable structure. .

Results from the Pacoima Dam Excitation

The four alternate structures were also analyzed under the Pacoima
Dam excitation. ' The plofs of'maximum‘relafive displacement of the various
story levels for the alternate structures are shown in Fig. 40. The legend
of Fig. 40 is identical to that of Figs. 37, 38 and 39. For all of the
br&ced frame structures, the maximum relative displacements fall into a
very narrow band. The maximum deflection wis of tﬁé order of 36 in
(910 mm) for all of these frames. The moment-resisting frame experienced
maximum deflections which were much larger than those of the braced
frames. The maximum deflection for the moment-resisting frame was 69.8
in (1.?7 m). Further, Fig. 40 indicates that virtually all of the
extreme deformations are concentrated in the lowest 5 stories. These
large relative dispTacements are occﬁrring because of the substantial .
P-A effect. The moment-resisting frame has considerably less lateral
strength and stiffness than any of the braced frames. When a structure
is szjected to a prolonged impulse loading, its strength and stiffhess
are more important than its energy dissipation capabilities. The Pacoima
Dam Record induces an impulse type loading in structures, and so, the
f]éXib]e moment;resisting frame experiences large deflections. These
large deflections induce large P-A moments, and a larger proportion of
the frame's strength and stiffness are expended resisting the P-A effect.
Figure 41 is a plot of the maximum story drift. This figure gives
fuffher verification of the significance of the P-Aleffect for the moment-

resisting frame. The maximum story deformations are concentrated in the
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lowest five stories; the bottom std%y has a maximum story drift of
approximately 22 in (560 mm). The story drift of the braced frame
structures all fit into a fairly tight'band. The story drift is certainly
more severe for Tower stories in the eccentfica11y braced frame, but the
deformations are far more uniformly distributed than for the moment-
resisting frame. It shou1d be noted that none of the DRAIN-2D elements
have a criterion for element failure. It is questionable whether the
bottom story would be able to withstand a 22 in (560 mm) story drift
without experiencing a total or partial failure of the frame.

Figure 42 is a plot of the deflected shapes of the alternate struc-
tures at the end of the analyses. The velocity does not equal zero at
this time. However, the inelastic activity is complete for the braced
frame étructures, so the analyses were stopped. It is again possible to
infer the final deflected shape of the braced structures by combining
Fig. 42 with the individual story level time-history plots. A study.

‘of these curves indicates that all of the alternate structural systems .
will have considerabe permanent def]ection. A permanent deflection of
the order of 15 to 25 inches (380 to 640 mm} can be expected for the
braced frames. The concentrically braced frames will have slightly
smaller fina]Ideflections, because they have s1ight1y larger stiffnesses:
and strengths.due to their s]ightly larger weights of steel. All of the
braced structures experienced very large inelastic deformations, and it
is improbable that any of these structures could be repaired. It is

not possfb]e to infer a final deflected shape of the moment resisting
frame, because this frame has seveke stability problems. Since the
Pacoima Dam acceleration record has some characteristics of an impulse,
loading, the response produced by this record were consistently one-sided

responses. That is, at some time in the analysis the relative displacement
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moved to one side of.the initial undeformed configuration and stayed to
that side throughout the rest of the analysis. This type of behavior is
displayed in Fig. 43, which is a plot of the time-history response of the
roof for the moment-resisting and eccentrically braced frame. The
eccentrically braced frame is indicated by the solid 1ine, and the moment-
resisting frame is identified by the solid 1ine with squares. As was
discussed earlier, the plot shows that the response of the eccentricéITy
braced frame reached a peak at approximately 8.5 seconds, and the
response then stabilized during the mild excitations which followed.
This frame appears to be stabilizing toward a final top story deflection
of approximatiely 22 in {560 mm). The plot also shows that duriﬁg this
period of time the response of the moment-resisting frame is not stabil-
izing. The moment-resisting frame reaches a very substantial peak in’
its response at approximately 10 seconds. The deflections are so ltarge -
at this time that the P-A effect uses up most of the elastic strength
and stiffnes§ of the frame. Therefore, it reaches an even hﬁgher peak
at 14.6 seconds even though the base excitations are very Tow during |
this period. It is véry possible that this drift would continue with
the moment resisting frame, if a Tonger Pacoima record were used. As
a result, this structure would probably collapse during the rest of the
excitation or during minor aftershocks.

The one-sided response, which was noted for all structures subjected
to the\Pacoima Dam acceleration record, is characteristic of the inelastic .
responée of a single degree-of-freedom system to a pulse excitation.
So]utioné to the single degree-of-freedom problem are well known [42]
and the maximum deflections are strongly influenced by the strength and
stiffness of the system. The response to the Pacoima Dam excitation was

greatly influenced also by the strength and stiffness of the struéthres.
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A11 the braced frames had about the same strength and stiffness and they
experienced simi]ér‘responses. The moment-resisting frame was not nearly
as stiff or strong as the braced frames, and it experienced much larger
deflections. Since one cannot know in advance what characteristics an
acceleration record of a future earthquake will possess, it 1s-desirab1e
to have structures with stiffness, strength and good energy dissipation
characteristics. To meet all contingencies, an eccentrically braced
frame should be best. It is stiff and strong Tike a concentrically
braced‘frame, and it has excellent energy dissipation Tike a moment-
resisting frame. Hence, the eccentric bracing system can be expected to
perform well during virtually any earthquake, if it is properly designed.
It_is not intended to say that the other systeme are inadequate. The
other braced systems performed satisfactorily, but the moment resisting
frame subjected to the Pacoima Dam acceleration was found to be unsatis-
factory. The moment-resisting frame developed problems due to excessive
deflections thereby increasing the P-A effect. It should be noted,
however, that the design of the moment-resisting frame was a preliminary
design, and its performance could be improved by increasing its strength
and stiffness.

Comparison of the Member Behavior

The purpose of the comparison of the overall structural behavioré-
of the different systems was to display their relative merits. It was
not intended to make a detailed comparison of Tocal behavior such as
axial forces in the columns, since this has been done in other studies
[11,12,43]. However, a few general comments will be made about the
local 1ne1astie behavior. Essentially all of the energy that was dissi-
pated by the eccentrically braced frame was dissipated in the eccentric

elements. Every eccentric element experienced some yielding in both the
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Pacoima and E1 Centro excitation. No braces buckled during the
E1 Centro analysis, and only one brace, which was located at the‘16th
story level, buckled during the Pacoima analysis. The axial forces in
the base of the columns were quite high at times in both ten#ion and
compression. The maximum co]ﬁmn loads were 3080 .kips (13.7 MN) in
compression and 1460 kips (6500 KN) in tension. It was assumed in the W
analysis that the foundation was capable of developing these tensile
loads. As a result of the high column forces, plastic hinges forméd
in the columns for short periods of time at sevéra1 locations. These
hinges. did not adversely affect the lateral deflections, since the
lTateral deflections were severely limited by the bracing. However, the
yield locations had to be evaluated at'the end of each analysis for-
inelastic axial shortening. ‘The DRAIN-2D beam-column element (E1ement 2)
does not model any axial softening after yielding has occurred. It is
shown in reference [30] that this softening does occur in columns with
high axial 1oads, but no numerical model for evaluating this softening
has been impiemented. The indicated hinge 1ocat10n§ wére examined, and
it appears that axial softening would not be a problem, or, at most,
could be prevented by relatively minor increases in column sizes.

| The éxia] forces in the columns were a more severe problem for the
concentrically braced structures. The maximum axial loads in the columns
were coﬁsiderab]y lower for the eccentrically braced frame, because this
force was 1imited‘by the shéar transmitted by the yielding ecéentric
element.  The intreasé in ¢olumn loads is limited only by the.strength
of the brace for a concentrically braced frame. Since the brace was
designedlin compression, while it can also yield in tension, wide fluc~
tuation in column loads resulted. "The maximum column forces in the

prototype concentrically braced frames were 4300 kips (19.1 MN) in

=73~



compression and 3000 kips (13.4 MN) in tension. Because of these higher
axial forces, the plastic moment was reduced, and plastic hinges formed
at a few more locations than for the eccentric bracing system. The

energy dissipation of the concentrically braced frames was virtually all
due to the inelastic shortening and lengthening of axial members. Similar
behavior was noted for the concentrically braced frames with both bolted
and moment-resisting connections. _This behavior appears to contradict

the findings of Igarashi and Inoue [4], who found that the inelastic
behavior is better in braced frames with moment—resisting capabilities.
However, their éonc]usions were based on inelastic static analysis, and
the analyses discussed here are dynamic. Sincé there are additional
factors which affect dynamic response analysis but which do not have any
apparent effect in the static analysis, the basic conclusion that it is
better to design braced frames with moment-resisting connections appears -
to be valid. |

The energy dissipation of the moment-resisting frame was entirely

due fo the plastic hinge rotations of the Seam ends. The frame was
designed by the weak beam-strong column design concept. As a result,

all of the beam ends formed plastic hinges at some time in the analysis.
The ohTy plastic hinges which formed in the columns occurred at the very
base of the columns. The column bases were fixed against rotation, so
these plastic hinges must develop before the structure can form the
mechanism which is necessary to achieve large lateral deflecticons and
dissipate. energy. Any plastic hinge which forms in the bo]umn is certainly
more dangerous in a moment resisting frame than a braced frame, because
“there is less restraint against story drift. However, these plastic

hinges were not considered to be critical, because the axial 1oads in the
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columns of the.moment-resisting frames were quite moderate. The maximum
‘compressive force was approximately 1250 kips (5560 kN). No tensile:

forces developed in the columns.

Floor Deformations in the Eccentrically Braced Frame =

In the prévious sections, it was indicated that the overall dynamic
performance of the eccentrically braced‘frame is superior to that of the
moment-resisiing and concentrically braced frames, because it has both
excellent energy dissipation characteristics and greater strength and
stiffness. It must be noted that, whi1e‘obtaining these desirable -
:haracteristics,,the system develops substantial inelastic floor deforma-
tions, which are necessary, because thfs,is the intrinsic energy dissi-.
pation mechanism of the eccentric bracing system. The floor deformation
is related to the lateral deflections which the structure experiences.

fhe publication, "Plastic Design of Braced Multistory Steel Frames,"
[44] presents a method of estimating the lateral deflections of ‘a con-
centrically braced frame as the sum of two components. The components
are &, the lateral deflection due to lengthening or shortening of the -
brace, and Gb,-thé lateral deflection due fo 1en§thening-and shortening -
of the columns. For eccentrically braced frames, a third component,
GC, the Tateral deflection caused by the defqrmation in the eccentric

element, can be added, see Fig. 44. Therefore

ST’ ~ aa + sb + sc . (25)
If the value of Sa or §, are to change, .it is necessary to have a
change in the axial loads of the brace or column., Since the eccentric .
element is designed to avoid brace buckling these axial loads do not

change greatly in a structure which is yielding, however, so the two

-75-



components remain nearly constant while the structure is yielding. The
third compcnent, 6c’ is negligible while the structure is elastic,
'because of the high stiffness of the elastic eccentric element, but Gé
changes significantly after the eccentric element has yielded and lost
most of its'stiffness{ These simple kinematic concepts are reflected
in the results of the dynamic analysis.

" Time history records of the eccentric element floor deformations
were maintained for the bottom 12 stories in the DRAIN-2D analyses.
Similar records for the top eight stories could not be obtained because
of limitations in .the program. However, approximate envelope values for
these upper stories can be inferred. Figure 45 is a plot of the maximum
floor deformations for the eccentric elements on the first 12 stories.
The diamonds identify data from the 1.5 times E1 Centro analysis and
the triangles, the Pacbima Dam analysis. This figure shows that the
deformations are quite uniformly distributed throughout the height of
the structure for the E1 Centro analysis. The peak deformation was
épproximate1y 6.7 in (17D>mm) for the Pacoima analysis. This deformation
is very severe when it is recognized that it is concentrated within 35
in (890 mm) of the eccentric element. The maximum deformation due to
the E1 Centro excitation was approximately 1.4 in (35 mn). The time-
history plots for thermost‘severe1y deformed eccentric elements are
shown in Figs. 46 and 47. The curves corroborate the significance of
the three components of deflection shown in Fig. 44, When the structure
is elastic the eccentric element deformations are small but very high
velocities are attained during the short time the eccentric element is
forced to behave plastically. These results indicate that lateral
deflections due to deformation of the eccentric element are basically

plastic deformations.
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Figures 45, 46, and 47 also verify some of the.conclusions reached
from observation of story drift and m&kimum,disp]acement. -First, Fig. 45
1ndicafes a uniform distribution of plastic deformation in the eccentric
elements during the E1- Centro analysis. This is very desirable, since it
implies that the ductility requirement imposed-on an individual element
is less severe., Further, the resulting permanent deformation of the
structure due to E1 Centro is small as may be seen from Fig. 46. ' This
agrees with the previous conclusions:. Figure 47 indicates a very large
perménent-p]astic deformation of the structure is left after the Pacoima
Dam excitation analysis. Therefore, it is apparent that any pérmanent
Jateral deflection, which remains in the structure after completion of
.the analysis, must cayse‘permanent-inelastic floor. deformation in the
structure.,

- The above discussion can be summarized by-sayéngrthat the inelastic
behavior of the eccentrically braced system is directly related to the
inelastic deformation of the eccentric elements. Therefore, the eccentric
elements must bé designed to withstand the inelastic deformations. Since
these deformations may be large, this presents a very substantial design
problem, |

Problem Noted in Eccentric Frame Dynamic Analysis

A potential problem was noted in the DRAIN-2D dynamic analysis of
the eccentrically braced frames when original stiffness proportional
damping. was used.- This damping was used because it predicted a more
realistic distribution of damping effects and did not cause a decrease
in damping after yielding occurred; it also offers more computational
;tability in the analysis. The DRAIN-2D computer program handles this

type of damping by augmenting the structural stiffness at the start of
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the,ana]y;is and adding a load term at the end of each time step through-
out the analysis [34]. The load term is added to the unbalanced load
vector, which includes unbalanced Toads due to change of yield state of
correction for nonlinearities due to 1arge‘déf1ectiohs. The unbalanced
load vector 1is then édded to the next time step, since no iteration is
performed within the time step for this program.

The problem was first noted by observing that‘the member forces,
which were output by DRAIN-2D, did not satisfy equilibrium at the
eccentric nodes. The axial forces in the brace and central beam segment
were considerably higher than was warranted by the shear in the eccentric
beam element. Moreover, this imbalance did not start until the eccentiic
element started to exhibit large amounts of yie]dihg. The’imba]ance in
member forces could not be caused by inertial loads, since there was no
mass at these eccentric nodes. Eventually it was determined that the
imbalance in member forces was caused by the application of a load through
the unbalanced load vector. used in DRAIN-2D. A Targe number of computer
runs were made, which showed that this problem was depehdent upon the
geometry of the eccentric bracing system and the solution procedure used
in DRAIN-2D and not a error within the subroutine§ developed for this
analysis. These runs also indicated that the imbalance became signifi-
cant only when the vertical damping loads on eccentric nodes became
large. These vertical damping loads are large only while the eccentric
element is plastic, because the vertical velocities of the eccentric
node are essehtiaTTy zero before yielding but are very.large during
yielding. This is verified by the time-history p]qts of Figs. 46 and 47.

The probﬂem occurs when the eccentric element has lost most of its
stiffness and ability to transmit shear, but the axial stiffness of the

brace and central beam segment is still high. Therefore, this stiff,
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1ntérior bracing system is essentially isolated from the rest of the
structure by the\p]astic eccentric elements as depicted in Fig. 48.

Sﬁnce tHe elastic central bracing systeﬁ is isolated by the plastic
eccentric elements, the damping forces which are applied to these eccen-
tric nodes are transmitted by the trussing action as shbwn in Fig: 48.
The direction_and magnitude of these damping forces are dependent upon
the direction and magnitude of the velocity. These damping‘forceg will
always increaée the magnitude of both axial tension and axial compression
forces. As a result, the axial force in the brace and centra]fbeam
sectionrare higher than required by the forces in the'eccentric element.
It must be emphasized that the DRAIN-2D analysis does satisfy,equi]ibrium
when damping effects are taken into account. The apparent imbalance in:
member forces is balanced by the damping loads.

There are several questions as to whether this damping phenomenon
simulates true structural behavior. Damping normally includes any
dissipative behavior which cannot normally be included as structura]\
element behavior. This includes many things such as viscous material
behavior, slippage in bolts in connections, and damage to floor slabs
and non-structural infill walls. Some of these dampiﬁg effects may
physically cause higher axial forces in the brace but other effects will
not. For example, in an eccentric bracing system with the floor slab
integrally connected to the eccentric beam, considerable damping will
result from crushing and cracking of the floor slab and infill walls.
This damping is likely to cause a substantja] increase in the axial
loads of the brace. If the same structure were designed with the -
eccentri; beam isolated from the floor slab, the axial force in the
brace could not 1ncrease.‘ fhere would still be considerable damping due

to slippage in bolts, damage to infill walls, and other cadses, but . the
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axié] load in the brace could not increase after the eccentric element
yields, because the brace is physically separated from all of these
effects. Therefore, it is apparent that the predicted increase in axial
loads may or may not be realistic, depending upon the design of the
structufe. |

This increase inzaxfa] forces may cause substantial design problems
in a structure. For example, it is very important that the brace be
designed-to avoid buckling, and it is necessary to have a realistic
estiméte of brace forces to properly design this brace. Another example,
the axial force time history of the brace can‘be used to generate a time
history record of the base shear of the structure. Both of these examples
require a realistic time history record for the axial force in the brace.
A certain amount of engineering judgment must be applied to this problem
to determine if the damping and brace time-history record is realistic.
If they are both realistic there is no problem. However, if the overall
damping is realistic bﬁt the brace forces are unrealistically high, it
may be necgsﬁary to modify the axial force'time-history by finding the
axial fbrce at each time step which'satisfies nodal equilibrium with the
shears‘in the beam.

This problem was evaluated in the prototype structural syétem, and
it was not found to be a severe préblem. The maximum increase in axial
forces appeared to be approximately 30%. This increase was felt to be
reasonable for the 20-story prototype structural system, because the.
structure was designed to have interaction between the floor siab and
the beam. However, the size of this increase depends upon the structure
being_ana]yzed. Increases in excess of 100% were noted for several |

other shorter eccentrically braced frames.
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Dynamic Response of the Entire Structure

The analyses which were performed were.plane frame analyses. However,
the effect of factors such as the torsional response and the P-A éffect
“on interior unbraced frames depend on the response of the total structure.
The dynamic response of the total structure is a 3-dimensional response
problem. However, the cost and complexity of such a 3-dimensional analysis
make it prohibitive for present investigation. Therefore, this section
will consist of a short discussion of how applicable the plane frame
analysis is likely to be to the total frame response.

The first factor to be considered in this discussion is the torsional
response of the structure. A plane frame analysis includes no torsional
response. However, the tot$1 frame response may be significantly affected
by the inelastic torsional response of the structure. For examb]e,'when
an individual frame of the total structure softens due to yielding, the
shear center of the structure moves. As a resuit, the torsional effect
on the structure may change suddenly. The prototype étructure was designed
as a structure with a very symmetric distribution of mass, strength, and |
stiffness. . Therefore, it is likely that yielding willlprogress in
essentially a symmetric manner. This implies that the torsibna]vresponse
is not likely to be a serious problem for this structure, but any
torsional excitation or variability in the as-built properties of the
structure can increase the significance of torsional,response. The full
impact of torsion can only be determined by a mqfe thorough study.

The second major factor, which would be considered, is the variability
of the in-plane behavior of the various frames of the structure. For
example, in the braced frame alternatives, the praced frames were

designed to provide the full lateral strengfh and stiffness of the

-8~



structure. The interior unbraced frames were designed to resist their
tributary gravity loads with a capability to resist the minimum lateral
toads reduired by the design code. These interior frames are designed

by the so called "two bit" frame concept. This lateral strength is
necessary, because these interior frames must resist minimal overturning
moments due to the P-A effect. However, the lateral strength provided to
these interior frames affects the dynamic response of the structure.

This variability in in-plane behavior can be approximately accounted
for by a method used by Wang [45] in the analysis of shear wall structures.
In this method, two plane frames are analyzed while coupled together with
a2 rigid Tink at each story 1evel. This method assumes that there is no
shear lag within the floor system, and all frames deflect the same amount.
One of these two frames would have the properties of an exterior braced’
frame, and the other frame would have the properties of an interior frame.

This coupled frame analysis would be much more costly, because of
the increased number of members and degrees of freedom. This type of
éna1ysis was not performed on the 20-story prototype structure, because
it was thought that this aﬁélysis would not add further insight into
the behavior of the eccentrically braced frame. Thesg»interior frames
were thought to be beneficial to the eccentric bracing system, since
they provided added strength and dissipation capability to a system which
experiences small deflections with no deterjoration in strength or stiff-
ness. This type of coupled frame analysis will Tikely be more useful in
the concentric bracing system, because this system does exhibit some |
deterioration during later cycles.

Summary of Dynamic Analysis Results

Two sets of plane frame inelastic dynamic analyses for two signif-

~ cantly different types of earthquakes were performed on the prototype
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structure and three alternate structural systems. In all cases, the
eccentrically braced system performed well. It performed well, because
it is a stiff, strong structure with excellent energy dissipation
characteristics. The concentrically braced frame\a]so performed well
but not as well as the eccentric system, because of its poorer energy
dissipation and deterioration of strength and stiffness. The moment-
resisting frame exhibited desirable energy dissipation, but it lacked
the strength and stiffness at large deflections to assure its stability
under the Pacoima Dam excitation. It should be noted that the three
alternative designs were preliminary designs, and improvements could be
made in their performance. However, the designs were sufficiently
representative so that they displayed the relative strengths and weak-

nesses of the alternate structural systems.
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CHAPTER 5. DESIGN OF ONE-THIRD SCALE MODEL FRAMES AND TEST SETUP

General _ _

The prototype structure had been thoroﬁgh1y aﬁa1yzed at this point
in the study. A]so a detailed exper1menta1 and ana]yt1ca1 study of the
inelastic behav1or of the eccentric element had been performed A number
of conclusions were reacheq in the 1ne1ast?c dynamic ana]yses. One of
the more critical conclusions was thét large inelastic deforﬁatione are
predicted in the eccentric beam element. These large deformat1ons are
necessary to the eccentr1ca11y braced system, since its sound energy
dissipation capability is created by these severe Qeformat1ons.h Experie

' menta1‘studies were then necessary to}assure that tte eccentric‘syetan-
c0u1d withstand the Targe deformations without a structura] failure. It
was a1so necessary to assure that the actual system behaved as pred1cted‘
by the analytical mode1 Further, the fo]1ow1ng exper1menta1 stud1es

 were des1rab1e as an a1d in the development of des1gn criteria for th]S
type of structure.

Design'of One-Third Scale Model

For testing purposes, it was necessary to choose a frame s1ze which
would f1t well with a test1ng facility presently in 0perat10n at the
Un1vers1ty of Ca11f0rnja, Berkeley. This facility had been successfu1]y
used in.experiments wtth shear walls [45] and is frequently used for'the
cyclic testiné of subassemblages.‘ Another eonsideratioﬁ in the design
of the frame size was that it sheu1d have more than one level of eccentric.
bracing in order tq simulate earthquake'effects on a taller structure. |

For these reesoﬁs! a one-third scale model of a three story single
bay structure was choeen. This three story single bay braced frame sub-

assemblage was 1ntended to fit into the prototype structure as the three
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stories in the Tower- corner as shown in Fig. 49(a}.. For testing purposes,
this model was then taken as a free body of this lower corner a shown in
Fig. 49(b). Therefore, the cyc]ic»1oadings, which were applied to the
test frame, were the cyclic effects which the free body would expertence,
if a one-third scale model of the entire prototype frame were tested.

" One major simplification waermade in the design and testing of the
free body test specimens. The behding moments df the beams of the interior
bays‘of Fig. 49(5) were neglected, This simp]ificdtion was appropriate
because the magnitudes of these bending moments were very small when
compared to the overturning moment of the free body. It should also be
noted these 1ntefior bays may employ bolted conhections in which.case the
hending moment would belessentialiy zero, Further, the inelastic bending
of beams is reasonab]j well understood (15,16), and it can be accounted
for in theldesign and analysis.

Selection of Model Member Sizes

A number of parameters influenced the selection of the. scale model
member sizes. These obviously included the area of the cross'section,
moment of inertia, and section modulus. Because of the interest in the”
1ﬁZTa§£1¢ behavior and.weh'and flange buck11ng, the thickness of the-web
and fTange, width of flange, and depth of section were also important. A‘
further consideration was to make use of standard steel sections and to
fdrther restrict -the wide flange sections to compact sections. Due to
these considerations, the final member sizes have properties.which vary
~‘cons1der‘ab1y away from the desired one-third scale Becauce of these
var1ances, the mode1 was first sca]ed, and then an 1ndependent des1gn
check df the sca]e mode] was made This check was to assure that the
bas1c des1an concepts wh1ch had been developed for the eccentr1c system

were not v1o1ated by approx1mat10ns in the sca11ng procedure
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Another variance to be noted in the mode]ﬁng of the test frame is
the top beam of the model which was not designed'to'conform with the
prototype. This member was sized Considerab1y heavier, because of the
local boundgry condition effects. The first of these Toéal conditions
is the absence of the 4th story brace on the teét specimen. The missing
brace reduces the maximum number of plastic hinge locations in the beam,
and so the beam size must be slightly larger. The second local condition
is the high axial force which must occﬁr in the eccentric element of
the third story of the test frame. The cyclic behavior of beams which
yield in shear has been studied and was found to be excellent, but the
behavior of beams which are subjected simultaneously to shear and axial
forces has not been determined. Becausé of these two factors; the third-
floor beam was oversized to avoid ahy problems. This larger beam size
~was expected to cause slightly 1argerrdeformations in the eccentric
elements of‘the‘1ower two stories, because the eccentric element of the
top floor would not yield in shear until the othef eiemehté had experienced
large amqunfs of strain hardening. This difference was not expected to
be siénificant. . »

As 15 usual with multistory buildings, the story héight of the
1owestistory in the model was higher than for‘the'uﬁper stories. IThis
higher story level resulted in a steeper inclination of the brace angle.
This steeper inclination forces earlier yielding in the eccentric beam
é1ement associated 'with the first story brace.. In this particular case,
the earlier yielding at this Tocation was desirable because it assured
the the earliest inelastic action would develop at a well-instrumented
]ocatibn. Figure 50 is a sketch of Test Frame 1 with the principa1

member sizes shown.
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Additional Design Parameters for Test Frame 1

The coTumns and beam sizes were identical for both Test Frames 1
and 2. The braces, however, varied.- In Test Frame 1, the braces and
their connections were designed for axial forces, which were approximately
twice the design forces. "The brace in an eccentrically braced system can
develop increased forces due to strain hardening of the eccentric beam
element and a possible lack of uniformity in the yield strength of steel.
In this design, it is very important to avoid brace buckling in order to
force the eccentric elements to yield in shear. For these reasons, the
brace was designed very conservatively.

The spacing of the Tateral support points alsc differed between Test
Frames 1 and 2. The lateral support spacing reguirements are not

“explicitly defined'in the current design codes. The AISC code [32]
specifies that wide flange beams should be supported at plastic hinge
Tocations and‘af speciffed intervals depending upon the bending moment,
These spacing requirements are based on tests of beams under uniform
bending moment and ﬁonotonic lToading. The eccentrically braced test .~
frames were to be loaded cyclically wjth a highly variable bending
moment across the beam. As a result, the realistic lateral support for
this structural system was not clearly defined.

Test Frame 1 was supported conservatively since each beam was
supported at six points. Thé beam-coTumn joints were Supported‘by
simulating the support provided by the tranﬁverse frames. The brace-
beam joint panel zones and two interior points of the central beam |
segment were also supported. These four interior supports simulate the
support provided by the_robr slab support joists. These joists are
assumed to be spaced at'appfoximate1y/f1fth point intervals of the beam

which is somewhat closer. than the spacing a structural designer would
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normally employ. However, this spacing fully satisfies code requirements
because a1T-p1éstic hinge Tocations are suppdrted. This spacing also
supported the central beam segment, because at times this segment
develops high compressive forces, and the floor system must provide
restraint to prevent weak axis buckling.

The connection details for test frame one are shown in Figs. 51 and
52. The beam-to-column connecfions vere moment-resisting connection;.

A special feature ofrthis connection detail is the fillet QETQ between
the erection p]aterand the web of the eccentric beam element. The Fillet
weld was required because of the very high shear force in the eccentric
element. If a bolted connection rather than a welded ohe had been used;
a Single-row of bolts would not have had sufficient bearing capacity in
the web to carry the high shear force. Multi-rows of bolts would be
capabie of carrying the high shear force, but the extra rows would
comp]icaté the connection detail. Additionally, under éxtreme cyclic
1oddings, thé-bblt holes in the web would become progressive1y41arger,
due to localized yielding, and the energy dissipationrof the structure
would be reducéd.

The brace-to-beam connection is also shown on Fig. 52. As can be
seen 1n“thé detail, these were bolted connections. The bolts were
designed at working stress levels as friction bolts which were tightened
by the Turn of the Nut Method. The capacity of the friction connection
was approximately 79 kips, but the connection'had a much larger capacity
when the bolts were in bearing. The bearing stresé of the bolts on the
gusset plate and web of the channel was checked against accgptable‘stresé

Tevels, because of the Tikelihood of slippage in the friction connection.
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" This figure also shows another feature of the brace-to-beam connec-
tidn of Test4Fraﬁe‘I. iThere is an eccentrfcity between the centroid of
the welds of the gusset plate to the beam and fhe center line of the
Brace, and this eccentricity induces a bending moment which must be con-
| sidered in the design of the connection. This eccentricity was the result
of two factors. VFirét, the gusset plate had to be of sufficient length
to trensmit the brace force to the beam. Secondly, the gusset plate
"-cou1d not be allowed to extend into the eccentrie zone of the beam. Thie
ecceﬁtric zone must be kept clear because it is designed to experience
very‘iarge cyclic deformations. Since the gusset plate had to be quite
long end*kepf back from the eccentric zone, an eccentricity at the
connecfion was introduced.

Test Ffame 1 also employed a number of stiffeners in the connection
detail es shown in Figs. 51 and 52. Stiffeners were added to the beam-
column joint because of the relatively high component of bending moment
transferred by the beam. Sfiffeners and a doubler plate were added to
the‘bface-beam.joint because of the large component of axial ferce which
the brace transmits to the beam. The brace force applies a shear force
to fhe eccentric beam element and develops an akia] force in the central
beam. The doubler plate ahd stiffeners are used to distribute the brace
force to the beam. These reinforcing deta1ls were felt to be necessary
because the gusset p]ate was much thicker than the web of the beam.

This has been a summary of the more important considerations applied

to Test Frame 1. The details are shown in the working drawings of the

| f ‘_first frame in Appendix E.

’Designaof Test Frame 2
The bas1c des1gn of Frame 2 was similar to that of Frame 1. The
: ,d1fferences were focused upon spec1f1c details of the design, in order
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to improve them based on the experience gained from testing the first
frame. Figure 53 shows the principal member siies andvdetails of Frame 2.
The basic geometry of the second frame was identical to that of the first
frame. However, the brace size in this frame was reduced in order to aid
in the determination of the'safe limits in the brace design.- These
braces were designed to develop 1.5 times the design force.

Figure 54 shows the details of the beam-to-column connection. The
basic connection is again moment-resisting with a fillet weld between
the web of the beam and the erection plate. These details were considered
necessary for the satisfactory performance of the system. This connection
is the same for both frames. Note that no stiffeners were employed in
these beam—to-co]umn connections. The cost of these stiffenérs is quite
high, and they were left off the second test frame. ' In comparision with
Test Frame 1, the number of stiffeners was also reduced at the brace-to-
Beam joints of Frame é. Figure 55 shows the details of this coﬁnéction.
Only a pair of stiffeners was used in this detail, compared to two pairs
of stiffeners and a doubler plate used in Frame 1. This was also an
attempt to evaluate the need for these costly design details. Since
the bracé of Frame 2 was somewhat smaller, the need for these stiffeners
was reduced., It shouid be noted that a pair of stiffeners is required
for the brace-to-beam:conne;tion as called out in Fig. 55. These are
very important, and they will always be necessary to assure that the
cyclic diagonal tension field can form in the web of the eccentric
element.

There were also several other differences in the design of the brace-
to-beaﬁ connection of Frame é. ~The first of these differences is that

the brace connection is no longer a purely bolted connection. During
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severe cycling, very substantial slippage of the bolted brace connection
was noted for the first frame. This slippage will be discussed in
greater detail in the next chapter, but in order to prevent slippage ih
the second frame, a small fillet weld was placed between the flanges of
the channels and the gusset plate. This modification in the design of
Frame 2 permitted a compariscn of behavior between a s]ippjng and fixed
bréce connection.

Another difference between the frames which can be noted from Fig. 55
is the kind of gusset plate attachment providéd'for the brace-to-beam
connection. Test Frame 1 used the conventional gusset plate arrangement,
but the second frame used a welded-on T section fsr a gusset plate. The
T-section offers severaf advantages. First, the flange weld on the T
‘causes the centroid of the welded connection to mové towérd tﬁe flange
thereby nearly coinciding with the thrust line of the force in the brace.
Thus, the eccentricity noted on Test Frame:1 is nearly eliminated.
Secondly, the flange of the T-section can be aligned with the pair of
web stiffeners resulting in a more direct transfer of forse between the
brace and beam. Therefore, the likelihood of local stress concentration
and local instability such as web crippling is reduced. Finally, the
T-section is also 1ikely to help provide lateral suppdrt to the system
because of the rigidity of the connection. This rigidity is helpful to
both the brace and the beam, since both members in effect support each
other in the out-of-piane direction.

The number of lateral support points was significantly reduced for
Frame 2. Laterg] support was provided only at four points at each floor
level. The panel zone of each beam-to-column connection was supported,
and two intermediate-pofnts of the beam were also restrained. The inter-

mediate supports were placed at approximately the third points of the beam
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span, since this was considered to be a more convenient spacing of floor
slab joists by normal structural design standards. However, this spacing
was somewhat questionable by code requirements, since support was not
provided at all plastic hinge locations, although the th interior support
poinfs were of considerable help in preventing weak axis buckling of the
central beamrsegment. In using this placement of Tlateral support points,
it is implicitly assumed that lateral torsional buckling is not a serious
problem in the eccentric bracing system. This assumption enters because
the only available lateral support againsﬁ lateral torsiona] buckling is
the indirect support provided by the central beam segment. The very steep
moment. gradient in the eccentric element justifies fhis assumption.
However, one of the objectives of this test was to determine the'yalidity
of this assumption.

In general, Frame 2 was designed less conservatively than the first.
The final working drawings of both frémes are shown in Appendix E. The
results of.the tests for these two frames can be compared to determine
which ofrthe designs produced better results.

Test SetuE'

The primary purpose of these tests was to perform a detailed investi-
gation into the elastic and inelastic mechanical behavior of the epcentric
bracing system. The tests were intended to quasi-statically simulate the
cyclic effect of an earthquake rather than to apply a dynamic excitation
to the syétem. This 1is the same basic procedure used in many other tests
of structural systems [15,30,45]. The test facility, which was‘a1so used
in earlier tests of concrete shear wall subassemblages, is shown in
Fig. 56 with a braced frame in testing position. A detailed description
of the design and construction of this testing facility is.readily avail-
able [45,46] so only a brief description of this FaciTity will be made
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here. The frame was tested in a horizontaT position. It was prestressed
at the basé to large concrete anchor blocks, which in turn were also
prestressed to the test floor of the Taboratory. The two load cells at
the top of the frame are attached to otﬁer anchor blocks and are connected
to the 1oading beam, which distributes the locad to the test frame. These
load cells éppTy and maintain a constant total force of 200 kips (890 kN)
throughout the test to simulate the gravity_]oad. The variable lateral
forces are applied to the test frame by the 460 kip (2047 kN) load cell.
The overturning effects of the top 17 stories of the prototype are simulated
by a couple, which is also applied by the top two 1dad cells, and the
magnitude and direction of this couple are a function of the lateral force.
The free body is loaded with an overturning moment of 4.375 kip-ft

(5.93 kN-m) for every kip of base shear applied by the lateral load cell.
It should be noted that the free body overturning moment is only a small
part of the total prototype overturning moment, since this is only a
one-third scale model of a single bay of a four-bay prototype structure.
The three 1oad cells were all electronically controlled by a MTS 406.11
servo-controller. Armore detailed description of the basic system can

be found in other references [46].

Loading Beam

There were several modifications which had to be made to the test
apparatus for these particular tests. The first of these required a
loading beam, the placement of Which is shqwn in Fig. 56. The actual
member forces of members in the test frame will vary great1y depending
upon the loading, yield state and deflection history of the frame.
Individual members will attract high.proportions of force when they are
stiff and much smaller fortes when they are less stiff because of yield-

ing. The loading beam makes use of this basic éoncept. The beam was ’
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designed to remain elastic and relatively undeformable, while exerting
no significant effect upon the stiffness of the test subassemblage. The
individual é]ements of the frame should be able to deform and distribute
their forces in the same manner as they do in the prototype structure.
The presence of the loading beam will have a limited, local effect upon
the stiffness of the frame, as the member forces will not be indicative
of the prototype behavior in locations near the loading beam. However,
these local effects dissipate rapid]y,_and the behavior in the lowest. two
stories -of the test frame should agree well with the behavior of the
prototype.

The design of the loading beam was influenced by several factdrs.
The first was that the beam had to be designed to deliver the total Toad
‘to the test frame, while the beam remained elastic and did not experience
significant deflections. This relatively rigid elastic behavior was
necessary to assure that the load cell forces were applied to the test
frame members in accordance with their member stiffness and not in
accordance with the loading beam stiffness. A second requirement of‘the
loading beam design was that it had to fit within a very limited space.
The anchor blocks of the test apparatus could be moved only with very
~great difficulty. Further, the test frames were designed to approximate
a one-third scale model as closely as poﬁsib1e. This 1eftvvery‘1itt]e
space between the test frame and Toad cells for the beam, so it had to
be made from an 8 inch (203 mm) deep wide flange section of high strength
steel. A number of stiffeners and reinforcing plates were added to the
beam to assure that it remained elastic and did not defTect,excessiveTy.
The final design requirement a156 relates to the scale of tHe test frame.

The load cells, which applied the gravity loads, were 7 ft (2.14 m)
on center. It was very important to ma%ntain the 8 ft (2.44 m) column
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spacing required by the scale of the test frame, and so the loading beam
had to be designed to transfer the loads to these columns. The detaiied
working drawings for the fabrication of the Toading beam are shown in
Appendix E.

Lateral Support System

The second réquirement of the test setup was a positive lateral
support system for the beams., The compression flange of wide flange beams
must be restrained against out-of-plane motion after if yields in
compression to prevent Tateral torsional buckling of the beams of the
test frame. This Tateral support is also needed to restrain the weak -
axis of the frame to prevent weak axis buckling of the column and central
beam segment. The lateral support is very necessary jn both the proto-
type and test frame structﬁres, but it is also important to assure that
the support provided to the test frame is consistent wfth the restraint,
which will actuaTiy be achieved in the prototype. The compression f]angg
alternates between the top and bottom of the prototype, and so both -
f]angesrreQuire some restraint. The prototype lateral support is pro-
vided by means of the floor joists, which,carry the floor slab. These
joists will be of a smaller size than the beam, and they are likely to
be bolted ihto place. As‘a result, the Tateral support of the prototypé
may permit the beam to deflect and rotate out-of-plane a small amount
before resistance is encountered, and then the resistance will not be
very large because of the flexibility of the system. The lateral support
system for the test frame was designeé to satisfy the above general
discription of the prototype support. _

The lateral support system of the test frame also had to be

designed to withstand large inelastic deflections, such as a maximum
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lateral deflection of + 6 in (+ 152 mm) at fhe top of frame; and

the eccentric element was expected to éxperience vertical deflections as
large as + 3 in (+ 76 mnm) at the same time. The test: frame support system
had to provide continuous support during these large cycles. Finally,

the restraint system had to be designed to aliow versatility in the
nlacement of the supports, since the two test frames were designed to have
different spacings of the support points.

Appendix E shows the design working dfawings of the lateral support
system, which was designed for the-test frame, and Fig. 57 is a photo-
graph of the key components of this system. The basic component of the
design is a rail type frame, which is bolted to the laboratory floor,
and a/sliding arrangement, which encloses the rails, as shown in Fig. 57.
Teflon was glued onto all contact surfaces between the rails and slides.
Theréfore, all friction surfaces were Teflon on'Tef10n and frictional
resistance was essentially eliminated. Al1 of the slides were adjustable
so that they could move freely in the plane of the rail. A cruciform
was chosen to connect the support system to the béam, since this closely
simulates the restraint provided by a floor joist to tﬁe beam of the
prototype.  One of these attachments is shown near the top of a threaded
stud in Fig. 57. The cruciform was designed t6 be tack welded to the
test frame,‘and it was made of 1ight steel plates so that it would be
very flexible and could not deliver unrealistic lateral restraint. The
threaded studs'proyided a convenient means of connecting the test frame
to the supporting system. The size of the rod was chosen to provide the
needed support without being excessively rigid or strong.

The loading beam weighed approkimatefy 2.2 kips (9.8 kN), and this
weight had to be supported to prevent damage to the test frame and the

test apparatus. Thus, a support system was designed to carry the total
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weight of the Toading beam and to be adjustable in height. The adjustable

height was accomplished by the same threaded rod arrangement'used in the
lateral support of the test frame. This permitted precise leveling of

| the loading beam and unrestricted movement and support. Al1 friction

surfaces were again coated with Teflon to eliminate friction. A copy of

the warking drawings of both support frames are shown in Appendix E.

Instrumentatiocn

The bulk of the data taken during these experiments was read and
stored by a high speed data accquisition system. This system can read
and record approximately 20000 data points per second and has the
capability of monitoring 127 channels, although only 72 were utilized
in these teﬁts. With this Timited number of channels, the data are
recorded virtually instantaneoué?y, and the speed at which the test is
conducted has no bearing on the accuracy of the data.. A Tektronix
console was connected to the data acquisition system for the input ofi
initial data and calibration factors, specification of read points, and
for visual monitoring of a 1imited number of data channels during the
test. The system also transfers all data directly to a tape, which can
be read, plotted and evaluated on the CDC 6400. This system permitted
_the reading of a large number of data channels at very close intervals
of the test, The resulting data produces a nearly continuous'recording
of events.

| A large number of SR 4 gages were mounted to the‘structure at
locations which were expected to remain elastic throughout the test.
These locations were chesen to assure that the bending moments, shear,
and axial load of any single member could be accurately determined at

any time of the test. There was a high degree of redundancy in these
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gage locations, so that cross checks could be made for any malfunctioning
gage Tocation. Moreover, these gages were often placed in pairs to check
for any out-of-plane buckling or instability. The general philosophy of
the p1acemént of the SR 4 gages was to accumulate sufficient data to cover
any feasible problem which could occur in the test as well as to give
forée and bending moment estimates for critiéa] members such as the braces.
Figure 58 is a sketéh of the test frame which shows the placement loca-
tidns of SR 4 Strain Gages.

Clip gages were placed in locations Where large deformatidns due to
yielding were expected, since cljp gages are designed to remain linear
throughout‘a wide range of axial elongation. Several gages were mounted
to the flanges at locations where p1a§tic hinges were expected to form,
and then the average plastic rotation could be determined [15]. A pair
of clip gajes was also mounted diagonally on both sides of the web of
the eccentric zones as shown in Fig. 59{(a). The measuremeﬁts from them J
can be combined to estimate the deformation and average shear strain of
the eccentric element. The geometry of the deformation of the eccentric
element is shown in Fig. 59{b). It is 1mb]ic1t1y assumed that the
stiffener at the end of the eccentric zone is inclined at the'éame angle,
g, as the face of the cojumn. The shear yield teéts of Chapter 3 indicate
that this is a reasonable assumption. From the geometry sﬁgwn 1n‘ﬁig. 59(b)

it is apparent that

and
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The eccentriC'element can be expected to deform severely during the test,
and small deflection geometry cannot be expected to hold true throughout
the test. Therefore, u, v, s and t must be considered variable. Howevér,
r should remain essentially constant throughout the test, since the beam
must deform in an unrealistic manner to significantly change its value.
Equations 26 and 27 can be combined to eliminate the variable u then

2 2

_t -5
e v - (28)

The variable v 1s a measure of the deformation of the eccentric element,
and the angle of average shear strain, Yoy of the ecqentric element can
_be estimated as

1

- -1y )
Y,y = tan g {29)

ayv

The vertical deflection, y, of the eccentric element can be determinéd;
from v by nofing that the rotation angle B wi]] be quite small and
app1ying small ang1e géometry

| y=v-us (30)'
The placement 10Catiohs of the c]ib gages are shown in Fig. 60. ”

A number of linear potentioheters were also used to measure the
deflections of specific poinfs of the frame. The linear potentiometers
are capabie of measuring deffections of up to + 6 in (f‘]52 mm). These
gages were placed at locations where direct measurements of deflection
or elongation were most useful. The first three potenti&meters were
placed at the thrée story levels to measure the Tlateral deflection of
each level. Two others were used to measure the vertical movement of
the top of each column. The vertjca] movements of the eccentric nodes
on the bottom story were also measured by a pair of such pdtentiometers(

The average reading of a pair of linear potentiometers was also used to
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record the elongation and slippage of individual braces for the first test
specimen. Figure 61 is a sketch showing the placement of these linear
potentjométers;

In addition to fhe instrumentation shown in Figs. 58, 60 and 61, the
three Toad cells shown ih Figure 56 also transmitted an electronic signal
which indicated the magnitude of forces acting on the test frame at a |
given time. The electronic signals provided by the strain gages, clip .
gages, linear potentiometers and load cells were all received and measured
by the high speed data acquisition system. The data system then inter-.
preted the voltage and current measufements by prescribed calibration
factors, and recorded the interpreted data. The timing of the data
acquisition was manua11y controlled, ahd data were collected at very close
intervals to assure accurate p1ofting and interpretation. o

in addition to the data recorded by the high speed data acquisition
system, data were taken by other means>during the test. . The Tektronix
console, which was directly connected to the data acquisition.system was
used to monitor the measurements taken on a limited number of channels.
The channels of interest were primarily the Tinear potentiometers and
Toad cells. These data were used solely for the control of the test.
Three [sterline X-Y-Y' Recorders were used during the test to continuously
record selected data. These data Qere recorded as force-deflection
plots. The recorded force was always the Tateral force on the test frame,
and was plotted against the lateral deflections of all three story levels
and the vertical deflections of the two eccentric nodes of the bottom |
story.

A number of manual and photographic measurements were taken during

- these tests. Several dial gages were mounted to the base plate to measure
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any movement of the test frame relative to the anchor blocks. These gages
were manually read at various inferva]s. A 16 mm motion picture camera
was also used during this test to record some of the observable inelastic
behavior. The teét frames were whitewashed to make the yielding of the
steel observab1e. The test frame was under continued observation during
the test, and a number of still photographs were also taken during the
test. A photogrammetric grid was placed on the web of the beams,‘co]umns
and braces of the eccentric zones of the lowest story as shown in Fig. 61.
Photographsbwere taken on gtass plates at critical points‘of the test.
This is the same photogrammetric procedure as was used in the test of the
beam specimens, the purpose of which was to evaluate further the local
effects within the severeiy deformed eccentric element.

Loading Program

‘The two frames were tested under the same basic load program. The
cycles covered both elastic and inelastic behavior, with the elastic
cycles under force control and the inelastic cycles under displacement
control.  Figure 62 shows the basic load program for the inelastic
behavior portion of the test. The 16ad point numbers which were assigned
are shown in this figure. This cyclic deflection history was applied at
the third story level. The load program was chosen as a simulation of
predicted'makimum dynamic response predicted for the 1.5 times El Centro
and unreduced Pacoima Dam acceleration records. The first 9 cycles are
symmetric displacement cycles with increasing magnitudes of displacement
of .5, 1.0 and 1.5 inches (12, 25 and 27 mm). The nine cycles are an
idealization to the one-third scale of the dynamic response of the
prototype §tructure computed for the 1.5 times E1 Centro excitation.
However, this is an extreme idealization, since the dynamic analysis does

not indicate that the structure would experience so many severe inelastic
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cycTes. The next cycles are an idealization of the one-third scale of

the severe inelastic response predicted for the prototype structure during
the Pacoima Dam excitation. The first 13 cycles were primarily intended |
to evaluate the actual behavior of the structure as compared to the'per-
formance predicted for the given'excitation; 1t was thought that these
cycles formed a very severe test of the structure, but additional cycles
were app1fed to obtain more information on the behavior of the system and
to examine its failure and partial collapse. Hence, the remaining cycles
were applied at the full displacement capacity of the test apparatus.

The Toad- program in Fig. 62 includes only the inelastic cycles which
were applied to the test frame, but.the frame. was- also subjected to three
separate sets of elastic cycles. The elastic cycles were force controlled,
and Fig. 63 is a plot of the typical elastic cycTichoading. The magnitudes
of the cyclic lateral forces are low and the frame remains elastic during
the cycles, The first set of the elastic cycles was applied ét the start
bf the test before any yielding had occurred. The second set of cycles
was applied after the three 1.5 in {38 mm) cycles. This set of elastic .
cycles was thought to represent the e1asticfcdndition of the structure
after experiencing the 1.5 times E1 Centro acceleration. The third set
of elastic cycles was performed after the 3.0 ofrthe‘4.5 inch {76 or
114 mm) cycles. This. set of elastic cycles was felt to be indicative
of the condition of the structure aftef an extreme]y severe earthquake.

The test program of.e1astic cycles was applied to the structure for
several reasohs. These cycles give a measure of the elastic stiffness of
the frame. This information can beﬁvery useful in showing any degrada-
tion of stiffness that may occur in the structure. The effect of a partial

structural failure on the elastic properties of the frame could also be
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determined with these cycles. Further, the elastic cyc]és were expected
to provide information on the accuracy of the<tests. For example the
frictioné] force exerted by the lateral support system‘cou1d be determined
by these elastic cycfes. Figure 64 shows a éraphica] representation of
how this frictional force can be estimated from the elastic hysteretic -
curves. Information of thfg type was valuable at intervals throughout

the test, since it gives an indication of how well the test frame and the
test equipment are performing.

‘Total Lateral Load on the Test Frame

In the description of the test setup, it was noted that the Tateral
Toad on the test specimen was applied by a single load cell as shown in:
Fig. 56. At very small lateral deflections, this load cell provides the
total lateral force on the test frame, but at larger deflections the two
gravity load simulators contribute a component to the lateral force. The
basis of this cohtributfon is shown in Fig. 65. The one end of the
gravity load cells are fixed against translation, but the other end
trans]atés with the loading beam and the top of the test frame. As a
resu1t,‘the load cells are not quite perpendicular to the loading beam
at 1arge lateral deflections. The average length between the rotation
points of the load cells is 83 in (2.11 m). This length will vary
slightly during the test, but the variation is too small to be significant
in these calculations. Therefore, the angular change, ¥, produced by

this deflection is defined by

i

tan § = (31)

where 53 is the 3rd story deflection. Since y is always small, cos ¢ is

essentially equal to 1.0, and the net gravity load is always 200 kips
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(890 kN), as was discussed earlier. The lateral load, however, must be

corrected. The correction, AP, is

) AP = 200 siny = 200 83 . (32)

At a lateral deflection of 6 in, AP is 14.45 kips (64.3 kN), which is

very significant. The total corrected lateral force, PT’ is

PT = P+ AP (33)

where P is the Toad applied by the lateral load cell. A1l the lateral
forces which are presented in this report, are corrected for lateral
deflection
- Summary

The test frames are very complex systems, which are intended to
simulate the behavior of a small part of a Targe structure. Much of
the design of the test apparatus centered about the simulation of the
total structural behavior. The loading program was intended to produce
thé maximum amount of usefu{ data, while attempting to simulate a
realistic force and deflection history for this small part of the total
structure. The instrumentation was applied very liberally, so that

maximum information could be obtained from these tests.
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CHAPTER 6. BRACED FRAME TEST RESULTS, EVALUATION AND
COMPARISON TO INELASTIC ANALYTICAL MODEL

General

This chapter contains a discussion of the tests of the two eccentrically

braced frames and an evaluation of the results. Comparisons will be made
to evaluate the relative performance of the two test frames to aid in
determining the best design procedures. The inelastic analytical model,
which was discussed in prevfous chapters, will be compared to the test
results.

Reduced copies of the working drawings of the one-third scale models
are shown -in Appendix E. Thé two scale model braced frame subassemblages
and the loading beam were fabricated at the machine shop of the:University
of California Richmond Field Station. The lateral support system was
fabricated by fhe University of California Department of Civil Engineer-
ing Méchine Shop. Tensile coupon tests were taken from the web andl
flange of each of the main member sizes used in these test ffames. The
results of these tests and residual stress test results ére shown in
Appendix B.

Results for Test Frame 1

Test Frame 1 was tested in the horizontal position with the testing
apparatus discussed in the prévious chapter. Figure 66 is a photograph
of the test frame and the testing facility just prior to testing. The
testing began with several cycles of elastic loading as shown in Figure 63.
After completion of these elastic cycles, the inelastic displacement
controlled loading program shown in Figure 62 was begun. As can be seen
from this figure, the frame was first cycled through three cycles of |
+ .5 in (+ 12.7 mm) and then three cycles of f’1 in (+ 25.4 'mm) third

floor deflection.

(o T e e g

During the + 1 in (+ 12.7 mm) displacement cycles,’
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brace bolt slippage was npted. For this reason, a second set of elastic
cycles was run to determine the effects of this slippage on the stiffness
of the frame. After this, the'iné]astic displacement was again begun with
‘three cycles of + 1.5 in (+ 38 mm) third floor deflection. One-sided
deflections began at 3 in (76 mm). Frame stiffness was then tested with

a thjrd'Set of elastic cycles. Testing proceeded with a 4.5 in (114 mm)
one-sided deflection. Eventually, maximum cyclic loading deflection of

+ 6 in (+ 152 mm) was applied t6 test the failure mechanism of the frame.
Each of these loadings and their effect on the test frame will be
discussed.

The initial elastic hysteresis loops shown in Fig. 67 indicate that
the lateral .support system was. not exerting much friction on the test
frame.. The procedure shown in Figure 64 indicates that the static
friction force was approximately 1 kiﬁ (4.5 kN). This was less than 1%
of the ultimate strength of the tesf frame, and_so, it was neglected.

The stiffness of the structure with respect to the prescribed loading
and thé third floor deflection waé 174 kips/in (30.5 kN/mm) during these
initial elastic cyéles. |

The inelastic displacement confrolled loading program was then
begun. The first three cycles were taken between'j 0.5 in (+ 12.7 mm)
third floor deflection. The initial shear yielding was expected to
occur in the first floor south eccentric element (see Fig. 56) due to
the steeper inclination of the first floor bracé.‘ The test frame did
begin yielding at a deflection of approximately 0.25 in (6.4 mm). Since
the first yielding started at this deflection level, the first three
cycles can be regarded as a ductility factor of approximately two with.

respect to first yie1ding. Figure 68 is a p10t of lateral force-third
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floor deflection hysteresis loops for these inelastic test cycles. The

first three cycles of this figure are completely repetitive with no

pinching of the hysteresis loops nor any deterioration in strength or
stiffness. The linear elastic portion of these early cycles grew slightly
larger with each of these cycles. This growth is indicative of isotropic
haﬁdening of the eccentric elements during the early yielding. This

growth in yield surface is verified by the fact that the lateral force
required tb induce a 0.5 in (12.7 mm) deflection increased from65.8 t068.6 to
70.3 kips (293 kN, 305 kN, 313 kN) during theselthree cycles.

The next three'cycles were between + 1 in (+ 25.4 mm}. During the
first one inch cycle, a noise was heard at a load of 78 kips (347 kN).
Examination of the test specimen and data indicated that the neise was
associated with brace bolt slippage. The test specimen was then cycled
through,the two additional one inch cycles, and increased slippage of
the bolts occurred shortly after each load reversal, The noise increased
in duration with each reversal, and the noise and slippage starfed at a
Tower load with each reversal. At the end of these one inch cycles, the
slippage was starting at a lateral force of approximately 25 kips (111 kN).
This slippage did not have any apparent effect upon the hysteretic curves
at this time (see Figure 68). The strength of the frame continued to
increase due to strain hardening during these cycles. The force required
to achieve a 1.0 in (25.4 mm) lateral deflection increased from 85.6 kips
to 91.4 kipsvto 92.9 (381 kN, 407 kN, and 413 kN). Considerable yielding
was occurring in the web of the eccentric beam elements of the bottom
two stories as evidenced by cracking and flaking of the whitewash.

The plot of the second set of elastic cycles is shown in Figure 69.

The effect of the bolt s]ippage js very apparent in these hysteresis
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curves. The stiffness of the frame is essentially the same as the
stiffness of Figure 67, when the brace s in full bearing, but the average
stiffness is reduced-by 11% due to the brace‘s1fppage.

The test frame was then cycled for 3 cycles between + 1.5 in
'(f 38 mm) and two additional cycles of one-sided deflecticn where the
ma ximum thjrd floor deflection was 3 in (76 mm) and the minimum deflec-
tion was zero. The brace slippage continued to grow more severe during
these cycles, and a very small, but distinct, pinching effect was noted
in the hysteretjc 1oopslfor these later cyé]es. Several of these very
small pinched zones. are circled in Figure 68. At the end of the 3 in
(76 mn) cycles, this slippage was starting as a‘reverSed load of
approximately 5 to 10 kips (22.5 - 44.5 kN). The strength of the frame
continued to incréase during the»early part of theée five cycles, but
it stabilized and showed a very slight decrease in the later cycles.
The force required to attain a 1.5 in (38 mm) deflection increased from
99.9 kips to 103.8 kips and 104i3 kips (444 kN, 462 kN, and 464 kN) during
the three 1.5 in (38 mm) cycles, but the deflection required'to attain a
3 in (76 mm) deflection decreased from 113.5 kips to 112 kips during the
3 inch cycles. This observation indicates that the early cycles are
strongly influenced by isotropfc‘strain hardening while the Tater cycles
are predominantly influenced by kinematic hardening. Web buckling in
the yielded web of the eccentric beam elements.was visbee during all
of these cyc]es; However, tﬁis bucklihg did not have a detrimental
Vinfluence upon the test results, since the cyclic diagonal tension field
formed.

The plot of the hysteretic loops of the third series of elastic
load cycles is shown in Fig. 70. The average stiffness was 125 kips/in

(21.9 kN/mm). This represents a 29% reduction in the average stiffness.
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This average stiffness has deteriorated significantly since the last
series of elastic cycles after LPIé. However, even at this point, the
stiffness when the brace and bolt are in bearing is. essentially the same
as at the start of the test. Figure 70 also indicates that the lateral
support system continued to perform well, since the static friction force
is still on the order of 1 kip (4.5 kN) despite the large def1ections
which thé frame has experienced. ‘

The test frame waé then cycled through two cycles of one-sided
deflection with a 4.5 in (114 mm) maximum at the third story level.
These two cycles again exhibited repetitive hysteretic behavior. The
slippage of the brace was very evident during these cycles, and the
hysteretic loops exhibited slight pinching. However, the overall
behavior of Test Frame 1 was satisfactory up to LP26. The strength of
the frame remained,esseﬁt1a11y stable during these two cycles with only
~a very slight deterioration in strength. The force required to induce a.
4.5 in (114 mm) deflection decreased from 117.3 kips to 114 kips (522 kN
and 507 kN). This further amplifies the significance of kinematic strain
hardening dur{ng these later cycles. The web buckles also became visibly
more severe during these cycles. It should be recalled that the 13
inelastic cycles through LP26 were intended to simulate the behavior of
the test frame under sequential 1.5 times El1 Centro and unreduced Pacoima
Dam earthquakes.

The full displacement capaéity of the test apparatué,,t 6 1in
(+ 152 mm), was then applied to the specimeﬁ to gain.insight into the
ultimate failure mechanism of the structure. The test frame was first .
cy;]ed to a maximum deflection of 6 in (152 mm) at LP27, and the frame
exhibited no deterioration in strength (seé Fig. 68). However, the

beam of the first floor south eccentric element (see Figure 56) began
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to show signs of imminent failure after reversal from LP27. These signs
consisted of the development of shiny sTib lines of metal, which began
to tear as the displacement was reversed., The tearing of this web began
to appear as the deflection reached 1 in (25.4 mm), and'%t grew worse as
the deflection decreased to -5.12 (-130 mm) at LP28. The tear progressed
diagonally across the web as shown in the photograph (see Fig. 71). The
strength of the frame decreased from -104 kips (-463 kN) at a 2-in (51 mm)
deflection to -89 kips (-396 kN) at LP28. This is a relatively small
drop, and it’indicates thaf the failure of an individual eccentric element
does not mean the total collapse of a frame. However, the plastic
| deformation progressed more rapidly in the other ecéentric elements after
the first element started to tear. The south element of the second
floor (see Fig. 56) started to tear at a deflection of -2.5 in {-64 mm)
after reversal from LP28. This element also tore diagonally across the
web. The Tateral strength was approximately 81 kips (360 kN) at LP29
after the first two eccentric elements failed. The north eccentric
element of the second floor (see Fig. 56} began to exhibit a severe
accumulation of plastic deformation at LP29, but this element did not
appear to be in danger of immediate failure. The test was stopped at
LP29,  The specimen was carrying the full 200 kips (8390 kN) gravity load,
the overturning moment of the upper stories and a lateral Toad of 81
kips (360 kN) at LP29. This indicates that the test frame retained a
very significant proportion of its initial strength desbite the failure
of two of the eccentric elements. Figure 72 is a photograph of the test
frame after completion of the tgst;

The energy dissipation was relatively uniformly distributed among

the eccentric elements of the frame. Figures 73 and 74 are the lateral
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force-deflection hysteretic plots for the first and second floor. The
areas enclosed within these hysteresis 1oops together with Fig. 68 are
a measure of the cyclic energy-dissipation at the various story levels.
Comparison of these.figures indicate that there is a re]ativeWy‘uniform ‘
distribution of energy dissipation within the test frame. At moderate
plastic strain levels, approximately 40% of the energy was dissipated
within each of the first two stories, and 20% was dissipated wifhjn the
top story level. The top level diséipated less energy, because the beam
at that level was oveksize, and this top story was not designed to
correctly reflect the behavior of the prototype. The Tower stories were
sized to simulate prototype behavior, and the energy was dissipated very
uniformly within these story levels. This uniform energy dissipation isa
very desirable feature, as it indicates that the eccentric beam elements
are deforming plastically; and no one element is excessively strained.
Figures 73 and 74 also display the very stable and repetitive hysteretic
behavior of this eccéntrica]]y braced frame.

Evaluation of Test Frame 1

The performance.of Test Frame 1 was basically very good. It survived
; cyclic deflections in excess of those predicted for a 1.5 times E1 Centro
base excitation (+ 1.0 to + 1.5 in) with no structural failure and only

a modest Toss in average stiffness. It is possible that this stiffness
could be significant since it implies that the structure will deflect
more under lateral load. However, this stiffness loss could be

corrected by welding the brace connection to prevent slipping since

this test indicates that the loss in stiffness is essentially zero

when the brace slippage is prevented. The test frame also withstood
cyclic deflections in excess of those predicted for a Pacoima base

excitation (up to LP26) without any structural failure. The stiffness
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1pss was somewhat greater during these larger cyc1és, but the frame
could stilt be repairéd. Several eccentric elements tore during the
extreme + 6 in (f 152 mm) cycles., Nevertheless, the frame retained much
of its strength and continued to exhibit ductile behavior. The test was
'_Vstopped at LP29 whére the Tateral deflection was 6 in (152 mm). The
frame continued to carry the full 200 kip (890 kN) gravity load and an
81 kip (360 kN) lateral load at the conclusicn 6f the test despite the
two torn eccentric elements. Thus, this test frame withstood cyclic
deflections we1i beyond those predicted for the 1.5 times E1 Centro and
Pacoima excitatiohs.

| Brace slippage was an important factor in the behavior of this test
frame. This slippage Qas measured during the test, and so, its effect
can be determined. Since the slippage of the brace is equivalent to an
glongation or shortening of the brace, the Tateral deflectioﬁ due to
slippage can be computed using the technique [44j discussed in Chapter 4
and shown in Fig. 44. This computation was made for the three fioor
deflections, and the modified hysteresis curves are piotted in Figs. 75,
76, and 77. These figures indicate that the removal of the deflection
caused by brace slip eliminated the small pinching effe;t, which was
noted earlier. Figure 78 is a plot of the modified hysteresis loops for
the elastic cycles made after LP22. A comparison of these four figyres
indicates that the deterioration was caused by brace slippage. They also
indicate that the effect of slippage does become more severe for the
larger inerstic cyc1es. The hystéretic loops prior to LP18 are
essentially unchanged by the siip»correction, but the correction becomes
as large as 0.5 in (12.7 mm) for the Tlater cycles. Figure 79 is a plot

of the axial force versus the brace slippage plus elongation for the
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first fioor‘brace. The area enclosed within these hystefesiS‘loops is

the energy dissﬁpation by s1ipbage of the first floor brace. This
enclosed‘afea js very small. Further, the loops are extremely pinched,
and they deteriorate badly. As a result, the enérgy dissipation mechanism
provided by the bface sT%ppage is very poor. However, the brace and
bolted connections wete conservatively designed. Thus, the pinching
effect due to brace slippage was negligibly small compared to the great
dissipation provided by the eccentric beam é]ement.

The testrsbecimen wa§ studied to determine the cause of this
deterioration with the bolted brace connections. The nuts were removed
from several of the bolts in tﬁe first story brace afte% completion of
the test, and it was found that some of the bolt holes had elongated
approximately 0.1 in (2.5 mm) to one side. This examination indicates
why the slippage dissipaticn deteriorated. During very early cycles the
bolted connection did not s]ip,'because the bolts were tightened down to
provide a friction type connection. It sh6u1ﬁ be noted that the first -
bolt slippage occurred at an axial force of approximately 70 kips. This
is somewhat less than the 79.5 Kkips predicted by the AISC allowable
friction connection forces. However, the bolted connection was also
designed with the bolts in bearing contact. The ulimate bearing capacity
of this connection was approximately 135 kips (599 kN). At slightly
larger cyclic inelastic def]e;tions, the frictional resistance of the
connection was overcome and the bolts slipped into bearing contact.

This s1ippage continued during a number of cycles, and the friction
surfaces became polished. This polishing reduced the frictional
coefficient, and the slippage started at a lower reversal load on each

succeeding cycle. At the same time, very localized yielding began to
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occur due to bearing contact of the bolts in the bolt holes, and so

_ s]ippagé became more severe with each cyc]g, because the‘bo1t holes

'grew 1akger. This Tocal yielding occurred at very Tbh stress: Tevels.

~The maximum bearing stress was 37 ksi (255 mN/mZ). This bearing stress

is We11 below the actual yield stress of the brace (AZ,S ksi), and it
indicates that the bolted connections must be designed very conservatively
with respect to bearing stress under cyclic loading to control this
Tocalized yielding. If these connections are not designed conservatively,
the brace 51ippqge will become more severe, and the structure will eventually
suffer severely pinched hysteresis loops which will produce larger
deflections.

‘ Figure 80 is a photograph of a typicaJ yielded eccentric element.
Note that the eccentric element exhibits complete yielding of the web,
but virtually.ngvyielding occurs ouytside the eccentric zone. This
indicates that the bulk of the energy was dissipated by the ine]astic
strain in the eccentric_e1ements. These eccentric elements behaved 1ike
the shear yieldjng beam elements discussed in Chapter 3. That is, these
elements had a photogrammetric grid with very sharp parallelograms in the
center of the eccentrig etement, and Tess sharply defined shear strain
at the edges of the eccentric element because of the warping restraint.
Web buckling also accompanied the shear yieiding, becoming particularly
severe during the cycles between LP18 and LP26. The web buckling did
not adver;ely affect the force-deflection hysteresis loops, because the
expected cyclic diagonal tension field formed. This field formed and
reformed under cyclic loading without causing any pinching of the
hysteresis loops or deterioration in strength. However, the diagonal
tension field also restraightenedlthe web on the next half cycie after

the web had buckled. This precipitated a failure mechanism where a
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tear progressed diagonally across the web through the area which had
buckled and restraightened a large number of times. The eccentric node,
which is the connection.joint of the brace and the beam, experienced
very large vertical movements due to the inelastic deformation of the
eccentric elements. The test frame Waﬁjdésigned so that the éar]y
deflections were more severe in the south eccentric element of the first
- floor. Figure 81 is a plot of‘the‘vertical deffection of the éccentric
node of this element for the various lateral load levels. This plot is
not a hysteretic plot in the.fuli sense, since the area enclosed within
the loops has no particular meaning, but this figure indicates that the
large inelastic deflections of the eccentric element exhibit very stable,
repetitive behavior. The maximum deflection was approximate1y'2.2 in

(56 mm) prior to the element failure. The deflection became more severe
after failure of the element. This is a very severe deflection level,
since the eccentric element is only 12.5 in (318 mm) long. Figure 82

is the corresponding plot for the north eccentric element. The behavior
of this element is similar to that seen for the south element in Fig. 81.
The north element éxperienced some erratfc behavior after the south
element failed which was caused by the redistribution of forces after
failure of the south element.

Figure 83 indicates how the inelastic deflections of the frame are
attained. This plot subdivides the deflection into-the thrée components
described in Fig. 44 and the component due to slip of the bréce connec-
~ tion.  This plot clearly indicates that virtually all of the inelastic
deflection of'thé frame is caused by fhe inelastic deflections of the
eccentric element. It also indicateé that the component of deflection
due to brace slip increases for later cycles at larger defjections,

while the component due to elastic elongation of the brace is virtually

-117-



constant., The component due to elongation and shortening of the columns
increases.very slightly in later cycles, because of.ineldstic shortening
in the plastic hinges'at the base of the columns. The Tateral slippage
of the base of the structure was monitored during‘the test, and it was
founq that this effect was negligible, -since the deflections were always
Tess than 0.001 in (.025 mm).

A very small percentage of the energy dissipation was caused by the
formation of a plastic hinge at the base of the columns. The base of
the columns were fixed against rotation, and so this point of the column
attracted'very large bending moments.. Therefore, column yielding had to
occur'before the frame could attain really large deflections. Flange:
buckles formed in this yielded zone, after the flanges yieldf These
buckles were first noted at the 3 in (76 mm) deflection. The buckles
became progressively more severe during the last cyc1es of the .test. v
Figure 84 is a photograph of these buckles at the end of the test. The
flange buckfing did not adversely affect the test, because the plastic -
}ota;ions at this location were quite small. This flange buckling and
the previously noted web buckling of the eccentric beam elements are the
only buckling phenomena cbserved in this test frame.

The results of Test 1 can be summarized by saying that the test
fraﬁe performed very well. It dissipated large amounts of énergy without
any significant pinching of the hysteresis loops. The bolted braces did
exhibit some undesirable slippage but these effects were severely limited
by the conservative design of the bolted connections. The lateral support
system performed very well. The results of this test indicate that a
well-designed and constructed éccentrica]]y‘braced frame 1is able to

withstand very severe lateral deflections.
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Test Frame 2

‘The second test frame was of a less conservative design than the
first. The braces were lighter and the lateral support was provided only
at the third points of the beams. The number of stiffeners and doubler
plates was also reduced. Because of the brace sTippage which occurred
in the first frame, the brace connections were welded to prevent slippage.
These design changes were made to better evaluate the design alternatives
for the eccentric bracing system.

The 1oad program and jnstrumentation were essentially identical to
those of Frame 1 except that the elastic cycles were run after + 1.5 in
(+ 38 mm) and 4.5 in (114 mm) cycles. The testing began with the elastic
Toad program shown in Figure 63. The lateral force-third floor deflection
hysterefic curves for these elastic cyclies are shown in Fig. 85. The
elastic stiffness of the test frame with respect to the Tateral Toading
and third floor deflection was 164 kips/in (28.7 kN/mm). This stiffness
was 6% less than the stiffness of Test Frame 1 because the braces were
Tighter. Figure 85 again indicates that the frictional force exerted
by the lateral support system on the test frame was negligible. The
maximum static friction force was 1 kip, and this is less than 1% of
the ultimate strength of the test frame.

After completion of the initial elastic cycles, the inelastic dis-
placement controlled loading program shown in Fig. 62 was started. The
hysteretic behavior of the lateral load versus the third floor deflection
for these inelastic cycles is shown in Fig. 86. The first nine cycles at
+ 0.5 (+ 12.5 mm), + 1.0 (+ 25.4) and + 1.5 in (+ 38 mm) exhibited
very repetitivelbehavior with no pinching of the hysteresis loops, and
no deterioration of stfengtﬁ or stiffness (see Fig. 86). The béhavior

of Test Frame 2 was similar to that of Test Frame 1 during these cycles,
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except that the elastic stiffness was 6% greater in the first frame
because of the larger braces. Brace slippage was,prevented‘for Frame 2
by both welding and bolting the braces to the gusset plate. The strength
of the frame increased steadily during these nine cycles because‘of‘the
strain hardening in the plastic eccentric -elements. The strain hardening
in these early cycles was predominantly isotropic hardening. These facts
are verified by observing that the force required to induce a 0.5 in
(12.7 mm) deflection increased from 64.4 kips to 65.8 kips and 67.3 kips
(287 kN, 293 kN, and 299 kN)-during the first three cycles. During the
1.5 in (38.1 mm) cycles the strength increased from 99.9 kips to 104.8
kips to 105.5 kips (444 kN, 466 kN, and 469 kN). The whitéwash on the
web of the eccentric beam elements began to flake during the one inch .
cycles. This indicates that significant yielding was occurring in the
web at this time. Visible web buckling began to occur-in'the plastic

web during the 1.5 inch cycles. ~However, as can be seen in Fig. 86,

this buckling did not have an-adverse effect on the strength of the
frame.

LP18 marked the end of the first hine inelastic cycles, and. a series
of elastic cycles were then performed. The hysteretic behavior for these
elastic cycles was essentially identical to that shown in Fig. 85. The
average e]asticrstiffness was 168 kips/in (28.0 kN/mm), and the maxfmum‘
static ffiétion within the test apparatus was less than one kip.

Two cycles ‘of one-sided deflection with a 3.0 in (76 mm)‘maximum
third floor def]ectfon were then run. These cycles also exhibited very
good energy dissipation, but the braces began to show severe Tateral
torsional buckling during these ﬁyc]és. The brace attracted substantial
bending moments because of the welded connections, and so b]astic.hinges

formed in the brace at the base 'of the structure. Llateral torsional
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buckling began to appear during the first 3 in (76 mm) cycle because of £he
yie]ded brace. F{gure 87 is a photograph of this brace in its ultimate
buckled condition. LatefaW torsional buckling also cccurred in the third
story brace because of the high behding moments induced by the heavy

third floor beam. However, the Tocal buckling of the third floor brace
Tagged behind the buck1fng in the first floor brace. These buckles became
steadi]y worse during the cyclic-]oading, but they had no apparent effect
on anyrof the hysteresis loops of any of the cycles up to LP22. The
behavior during the 3 in (76 mm) cycles showed very little influence due
tq-isotropic hardening and considerable inf1uencé due to kinematic harden-
ing. The force required to induce a 3 in (76.2 mm) deflection increased
slightly from 107 kips to 1{0 kips (476 kN to 490 kN) during the 3 inch
cyc]e§.

The test frame was then cycled through twe 4.5 in (114 mm) one-sided
deflections. During these two cycles, the lateral torsioﬁa1 buckles
continued to increase. The strength of the frame exhibited moderate
deterioration at the end-of these cycles since the strength decreased . .
from -109.5 kips to -94.6 kips (-487 kN to -421 kN) when the frame was
at zero deflection. However, the hysteretic curves were basica11y'very
repetitive. The first web failure occurred in the south eccentric
element (see Fig. 56) in the first floor after reversal from LP26. The
tear progressed diagonally across the web because of the severe working
which it experienced during cyclic buckling and diagonal tension formation.
. Figure 88 is a photograph of the torn e1gment. The tear was very similar
to the initial web tear in Frame 1, except that it occurred oné-ha?f
cycie sooner. |

Another series of elastic c}c1es was applied to the structure after

the web tear. The lateral force-deflection hysteresis loops for these
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cycles are shown in Fig. 89. The lateral stiffness indicated by this
- figure is 134 kip/in (23.5 kN/mm), which is 0n1y.an 18% reduction from
the originai eTasfic stiffness. This is a very important fact; because
it emphasizes that the deactivation of one of the eccentric beam elements
does not necessarily indiéate that the structﬁre will totally collapse.
1t appears that a number of these eccentrié elements must fail before the
struéture_can collapse. The stati; friction force can also berseen from
Fig. 89, and it has remained less fhan one kip. |
The remainder of the Toad cycles were applied at the maximum
deflection cébacity of the test apparatus, * 6 in (f 152 mm). The frame
was first deflected to 6‘1n (152 mm) at LP27. During this half cycle, -
the maximum lateral stfength of the frame was 104 kips (463 kN) whiéh
was approximately a 10% reduction in strength from previous cycles. The
reduétion was primarily caused by the first web tear. The displacement
was reversed to LP28 with no adverse effects, but on reversal from LP28
the southléccentric element of the second f]obr also tore. The stfength
steadily decreased, while the tear was progréSsing, to a Joad of 78 kips
(247 kN) at LP29. The third floor deflection was then reversed to -5.46 |
in {-139 mm) at LPBb. The lateral torsional buckling of the third story
brace became steadi]y more severe during each of these cycles. The
1ateraf torsional buckling of the first story brace did not deteriorate
mucﬁ béyond LP26, because it did not carry a véry large force after the
first eccentrit element failed., The displacement was reversed to 6 in
(152 mm) at LP371, Eut the third sfory brace buckled aroﬁnd its weak axis
when thé deflection reached 4 in (101 mm). The strength of the.frame
dropped from 65 kips (289 kN) to 54 kips (240 kN) when the brace buckled

in ﬁts weak axis. ‘The deflection was continued to 6 in (152 mm) at
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LP31, and the test was stopped. The test frame was supporting 57 kips
(254 kN) lateral load, 200 kips gravity load, and the overturning moment
of the upper 17 stories at the conc]usjon-of the test. It should be noted
that the Toading beam was designed to have a minimal effect upon the test.
However, it is very possible that after‘the frame had lost significant
strength %his beam did affect the results of the Jast cycles. The presence
of this rigid loading beam at the top of the structure probably helped fhe
test frame maintain its lateral strength and stiffness after the eccentric
elements had failed.

Figure 90 is a photograph of the buckled third story brace. The
earliest buckling that occurred in this brace was Tateral torsional ..
buckling. This local buckTing was first observed during the 3 in
(76.2 mm) cycles, and it became more severe with each succeeding cycle.
The centroid of the brace section deflected dut of the plane of the. weak
axis because of the severe twisting induced by the lateral torsional
buck]ing.' This deflection caused considerable weak axis bending within
the brace, which then‘buck1ed in a column buckling mﬁde just before LP31.
The column type buckling, which is seen in Fig. 90 was caused by 1a}gel
twists induced by the lateral deflections of the compressive flange.

Figures 91 and 92 are lateral force-def]ection hysteretic curves %or
-the first and second floor deflections. These figures-again show that
the hysteresis loops of the eccentric bracing system are very stable and
repetitive. This frame has the same good distribution of energy noted' -
for Test 1. That is, the two lower stories each dissipate 40% of the energy
and the top story dissipates only 20%. This favorable distribution of
energy dissipation indicates that .all of the eccentric elements are

deforming plastically withoﬁt causing any one element to deform excess{vely.
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The bulk of the dissipated energy in Tést 2 was provided by the -
eccentric elements. The eccentric elements of Test Frame 2 behaved
similarly to eccentric e1eﬁents of Frame 1 and the shear yield beams
described in Chapter 3. They displayed considerable shear yielding
of the web, with.warping restraint at the interfaces. Web bﬁck1es formed,
but they did not advefse]y affect the hysteresis loops, because the cyclic
diagonal tension field formed. However, the large inelastic shear defor;
mation again reSu]ted in very significant vert{ca1 deflections of the
eccentric nodes. Figures 93 and 94 are plots of this vertical deflection
as a function of the lateral loads for the north and south eccentric
elements of the first floor. These plots amplify the very stable and
repetitive characteristics of the inelastic behavior of this eccentrically
braced frame. However,  -the maximum floor deflections are very large, which
indicates considerable damage to the floor system. The plots in Figs. 93
and 94 are similar to the curves obtained for Test 1 and shown in Figs. 381
and 82. The onJy significant difference is that the south eccentric
element of Frame 2 experienced slightly larger inelastic deflections than
the same element of Frame 1, during the inelastic cycles between LP12 and
LP26. Figure 95 is a photograph of Test Frame 2 after completion of the
teét, which illustrates the many similarities in deflected shape, failure
mechanfsm, and severity of plastic déformations between Frames 1 and 2.

Test Frame 2 experienced its first weE tear earlier in the inelastic
Toading program than Test Frame 1 and the data were examined to determine
why-:this occurred. It was found that the south eccentric element (see
Fig. 56)of. the. first floor had a more severe strain history in Test 2
than in:Test 1. This occurred becausé the loading cyéTes were displacement

- controlled and fhe‘brace could not stip in Test 2. The more severe strain
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history resulted in larger deflections of the south eccentric element of
Frame 2. This can be seen by comparing the curves shown: in Figs. 81 :and
93. These deflections are only slightly larger for each cycle of Fig..93,
but over the total number of cycles this slight difference accumulates
into a CQnéidérab1y more severe strain history. ..If these accumulated
strain histories are considered, it is apparent that'the‘eccentric elements
fail at approximately the same accumulated strainm level. . - ..~

One of the lateral support points failed in Frame.2 just.prior to
LP31, when the brace buckled. The cruciform plate tore away from the
beam, because neither it nor its welds had sufficient strength”or Stiff-
ness to restrain the beam after the brace buckled. : This.failure of the
Tateral support‘did not significantly effect the experiment since it
occurred just before completion of the test. It can be regarded as being
fortunate because it indicated that the lateral support system was per- .
fprming as intended. The lateral support system was designed to provide
adequate 1atera] support to the frame, while simulating strength and
stiffness Timits that could be expected in normal buiiding construction.

The results of the second test can be summarized by saying that the’
frame exhibited the same sound energy dissipation noted for tﬁe first
frame. The hysterétic Toops were repetitive, stable, and unpinched. The
primary difference in behaviqr can be attributed to the behavior of the
brace and-brape connections. The welded brace connection induced bending
moments into the braée which caused the formation of plastic hinges and
lateral torsional buckling in the brace. Since Test Frame 2 could not
have any brace slippage, it was. forced to deform‘ﬁore severely and.fail
earlier for the same amount of displacement in the eccentric element.' The

1ateréi support system performed very satisfactorily during the test. The
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results of this test again indicate that a well-designed and constructed '
eccentrically braced frame can withstand extremely severe lateral deflec-
tions.

Comparison of the Tests

Although there were several major differences‘in the design of the
two test frames, they both exhibited the same general elastic and inelastic
behavior. Their hysteretic ]bops were very repetitive and stable, and the
frames maintained their strength and stiffness well into the failure of
individﬁal‘eccentric elements.  Their elastic deflections and energy dis-
sipation were produced by the inelastic deformation of the eccentric
elements. These eccentric elements performed well, and their behavior was
similar in both frames.

One of the major differences in design of the specimens was the brace-
to-beam éonnection. The first frame had bolted connections. The mﬁjor
advantage of this connection was that it avoided lateral torsional buck-
ling of the brace. A second advantage is that it is an economical connec-
tfon. Its main disadvantage was that the brace connection slipped..  This
slippage results in a slight deterioration in the hysteretic behavior,
and it Caused a loss in the average lateral stiffness of the frame.
Because of these two factors, a frame with bolted brace connections can
expect S]ight]y larger lateral deflections during severe excitations.

The second frame had welded brace connections. This connection
offered the advantage’of avoiding brace slippage. A related advantage
is that the lateral deflections tend to be less severe. It had the dis-
advantage of attracting larger bending moments in the brace. These bend-

- ing momentsicadsed léca] yielding and the formation of lateral torsional
buckling. At severe displacements, the eccentric element will be slightiy
more severé]y'déformed than with the bolted connection and this may lead |
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to earlier failure of the frame. However, both connection details are
satisfactory since in both cases the frame adequately withstood severe
deflections without failing. The undesirable features of each can be
minimized if they are designed properly. This means that bolted brace
connectiong shouyld be designed conservatively, whereas weided connections
should have good Tateral support. |

Another difference is the size of the brace. The brace in Frame 1
was designed very conservatively with the factor of safety against ulti-
mate compressive load of greater than two. The brace in Frame 2 had a
factor of safety of approximately 1.5. At Targe displacements of the
frame, the braces in the second frame exhibited considerable buckling
while those in the first frame did not. In the second test, the buckling
problems were induced by the welded brace connection. The brace of Test
Frame 2 was strong enough to avoid Euler buckling if the lateral torsional
buckiing had not damaged the brace, Therefore, the smaller brace size.is
the more desirable since it is economical while providing adequate strength
to the frame.

The Tateral support, which was provided to the frame, was also a
design variable. Frame 1 was supported at the fifth points of the beam,
and the second frame was supported at the third points of the beam. There
was no distinguishable difference in the performance of the two test frames
with respect to the lateral support. The support used for Test Frame 2 is
more economical and consistent with the framing normally used in building
construction. From the results of these tests, it appears that lateral
torsional stability of the beam is not a severe problem in these eccen-
trically braced frames. This verifies the results of Chapter 3 where

cyclic behavior of short beams is discussed. That is., the high shear
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(or moment gradient) of the shear yielding eccentric zone inhibits flange
buckling or lateral torsional buckling because the flange cannot yield over
a sufficient length to form a buckle. Web buckling occurs but it is more
stable because of the formation of the cyclic diagonal tension field.

"The gusset plate used in the brace-to-beam connection was also a
variable in the design. Test Frame ) used an ordinary plate type gusset,
as shown in Fig. 52.. The second frame used a simulated structural T-sec-
tion for -a gusset plate, as‘shown 1n‘F1g. 55. The T-section was used
because it provides a better transfer of the axial force of the brace to-
the beam, since the flange of the T and the beam stiffener can be directly
aligned. “Further, the centroid of the weld of the T-section coincides
with the line.of action of the brace, and this simplifies the design.

There were no significant differences in the test results, which could be
rattributed to this design detail. However, the connection detail used in
the first frame also required a doubler plate and an additional stiffener
;to:trahsfer-the brace force, as shown in Fig. 52. The additional stiff-
eners and doubler plate make this a more expensive connection. |

The final variation in the design of the test frames was the stiff-
eners used in the beam-to-column connection. Frame 1 was conservatively
designed with column web stiffeners at the level of the beam flanges. as
shown in Fig. 51. .Test Frame 2 was designed without the use of such
stiffeners. There were no apparent differences in the behavior of the
test frames that could be attributed to this detail. Therefore, it appears
that the eccentric bracing system does not have any special need for stiff-
eners in the beam-to-column connection. This is not intended to imply
that stiffeners are not needed at the brace-to-beam connection. A single
stiffener is always required at the brace connection;, as shown in Fig. 55,

so that the shear can be uniformly transferred to the web and the cyclic
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diagonal tension field can. form.

Comparison of the Analytical Model with Test Results

A static cyclic inelastic analysis was performed on these two test
frames and the results were compared. to the test results. The DRAIN-2D
program is capable of performing only dynamic analysis, and so it was not
suitable for this analysis. The ANSR-I [46] computer program was used for
this analysis because it was similar to the DRAIN-2D program and it had
capabilities for static inelastic analysis. The shear yielding beam
element, which was developed for DRAIN-2D, was modified for use in ANSR.
The basic element behavior and yield criteria are identical to the Tisting'
in Appendix C, but a number of other modifications had te bé made to adapt
them to the three-dimensiona] analysis and the iteration and solution
procedures used by ANSR, It should be noted that while ANSR is a three--
dimensional nonlinear analysis program the shear yielding beam element is
still a planar element. It was also necessary to modify the basic ANSR
program to create a save-and-restart capability. This capability was nec-
essary because of the iterative nature of the solution and the many cycles
to be analyzed.

The entire test frame and loading beam were modeled, and the lateral
loads, gravity loads, and overturning couple were applied to the loading.
beam. The panel zone of all beam-to-column connections were assumed to
be rigid. The brace was assumed to be connected to the beam with a pinned
connection for Test Frame 1, and a moment-resisting connection for Test
~ Frame 2. The base plates of the test frames were designed to remain
elastic throughout the test, and it was necessary to consider the Tinear
elastic deflection of these base plates. This base plate deflection was
modeled by using the deflection equation (Equation 147 [41]) of a point
‘1oad on a plate, which is simply supported on four sides. The base of the
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test frame was grouted and prestressed to the anchor block, and the only
deflection whichvg9u1droﬁcur was that the column could ﬁp]ift slightly
when it was in tensfon. This correction reduced the predicted elastic
lateral stiffness of the test frame by approximately 9%. The maximum
change in deflection caused by this correction was .04 in. (1 mm) at the
3rd floor of the test frame.

The yield stress, Young's Modulus and uniaxial strain hardening
coefficient,p , used in this comparison, were obtained from the test
results shown in Appendix B. The residual stress distribution of the
W 6 x 12 beam section (see Appendix B} was used to produce a modified
plastic shear force, Vp. The yield stress of the web was simply redﬁceﬂ
by the average residual stress in the web, and Vp was computed by
Equation 3. The ultimate compressive 1oads were predicted by the AISC ’
formulas [32], which were modified to the tensile coupon yie]d stress of
the specimen. The interaction between axial force and bending moment was
approximated by AISC equation 2.4-3 [32].

Both tests were analyzed for aill inelastic cycles up to and includ-
ing LP23. The ANSR computer program is a load controlled solution, but the
test results were displacement controlled. Therefore, the nonlinear
analysis was also run as a displacement controlled analysis, but this had
fo be done Ey ah interactive approach, because of the complexity of the
loadings. The interactive analysis was accomplished by first choosing a
cyclic loading program and analyzing several cycles. This analysis was
examined, and the loading program was adjusted so that the desired cyclic
deflection was obtained. After tHé first displacement cycles were
satisfactorily obfa%hed, ihe resu1ts were saved, and the restart capabi-

lity was used to sayé_thé expense of continually reanalyzing the early
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cycles. Because of the limitations imposed by.manually étartihg and termin-
ating a run, it was not possible to precisely match the deflection program
used in the tests. However, the fit of the ;na1ytica1 model to the experi-
ment was good. Figure 96 is a plot of the lateral force third f]oof
deflection for Test Frame 1. The dashed lines are the curves predicted by
the analytical modej, and the solid lines are test results. It should be
noted thatlthe test curve is corrected for brace slip, since the analyti-
cal model has no provisions for brace slip. The curve fit between the
experimental and'anaTytical results during the early cycles is extremely
good. The later cycles up to LP 23 are also good, but the model disp1§y§
a common failing during these later cyc1és. At large def]éctions; the
model consistently undershoots the‘1ower side of the test curve. The model
is still satisfactory at LP 23, but it is apparent that the fit will grow
wdrse at larger deflecfions. The analysis was stopped at LP23 becauée of
the great cost of this analysis in this range, and the Timited accuracy .
to be expected in further cycles. However, Figufe 96 indicates that the
shear yield mode1, which was deve]oped-in Chapter 3 is a very good model
for predicing global deflections of the-eccentrica11y braced frames. This
figure also indicates the ways in whiéh the model could be improved. At
large deflections, the shear yield model becomes basically a kinematic
hardening model,‘and this causes undershooting shown in Fig. 96. If the
shear yielding element could incorporate a more accurate balance between
isotropic hardening, kinematic hardening, and bounding surface contept,
the fit would be improved for these large def]ect{ons.

The analytical model was also compared with the test resu1t; in
other ways (see Table 2), and the comparison was generally favorable.

Table 2 shows that the comparison is by no means exact, but it is good for
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inelastic analyses. It should be noted that some of the variables, such
as the vertical def]ection of the eccentricrnode,‘are vefy sensitive, and
this sensitivity makes it difficult to 6btain gooduexperimentaT gomparisons.
The plot of the hysteretic comparisonrof Frame 2 in Figure 97 indi-
cates that the model does a good job of predicting overa]Trine1astic be-
havidr of the frame. Other comparisons are shown in Table 3. The fit.
obtained for Frame 2 is very similar to the general fit from Test 1.
Summary | |
Two eccentrica11yrbraced frames were tested and it was found that the
eccentric bracing system has excellent energy dissipation'capabifities.
The hysteretic loops were repetitive and stable, and the frames maintained _
most of their strength and stiffness even after the first web tear. Hence
this systemvis 1ikely to perform satisfactorily aven if one of the eccen-
tric elements fails. A number of design parameters were evaiuated. The
brace-beam connection was the most sensitive parameter. If the brace is
connected by bolts, the brace will slip; if it is welded, the brace will
develop lateral torsional buckling problems. HNeither of these problems
was excessively severe, but the structural design must be atfuned to avoid
them. An ana]ytfca] modelrdiscussed earlier was compared with these
resuits. -The combarison indicated that the analytical model is very good

at predicting the behavior of the eccentrically braced system.
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SUMMARY, DESIGN RECOMMENDATIONS AND CONCLUSIONS

Summar

 The eccentrié bracing system has many desirable atfributeé for the
design of earthquake-resistant structures. The analyses have shown that
this system provides a very stiff structure, and the stiffness pfovided is
: stabie over a relatively large rangé of eccentricities. Stiffness is very
desirable, because it helps assure a more serviceable structure and tends
to Timit the P-A effect during severe earthquake excitations. The eccen-
tric bracjng system also offers excellent energy dissipation characteris-
tics and inelastic behavior since the eccentric element is designed to
deform inelastically before the brace can buckle.

A study of the fne]astic behavior of the eccentric beam element showed
that cyclic shear yie1ding of the web produced superior 1ne1astic behavior.
The cyclic behavior was stable during large deflections because a cyclic
diagonal tension field formed and prevented deterioration due to web buck-
1ing. However, flange festraint and web stiffeners were necessary to
develop this tension field. An analytical model of cyclic shear yield
behavior was deve]dped from these studies, and the mode] was used in thé
inelastic dynamic analysis of a'20-story four-bay eccentrically braced
frame. The resu]tS of this ané]ysis were compared to results predipted
for conventional concentrica11y braced ahd steel moment-resisting frames
undér two very different types of earthquake excitations. The comparison
indicated that the eccentrically braced framé per%ormed very well becausé
of its strength, stiffness, and energy dissipétion capabilities.

Two one-third scale model tegt frames were designed to simulate the.
behavior of the 20-story prototype structure, and they were tested under

a loading program which simulated two severe earthquakes sequentially
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appiied to the structure. These tests verified that the structural system
performed as a stiff structure with full, unpinched hysteresis loops and
that the loops were repetitive with no deterioration in strength or stiff-"
ness. 1t was further found that this sfructuraT system was capab]e-bf
withstanding both of these earthquake simulations without any structuré]
failure. However, it should be noted that very large floor deflections
must be expected during the large lateral deflections. The results of the
tests were ﬁsed also to evaluate various design details. The analytical
model was also compared with the test frame résu1ts' The predicted
behavior from the model was very similar to the actual test results.

Tﬁe tests and analytical studies fﬁdicate that the eccentric bracing
system perfbrmed well under severe earthquake simulations; the system is
very stiff with excellent energy dissipation, and thus performs well
elastically and inelastically.

Design Recommendations

A number of conclusions were reached during the course of this study
which directly .-affect the design of an eccentrically braced frame. The
eccentrically braced system is a framing system where the center line of
the brace does not intersect‘the center line of the beam-to-column connec-
tion. The eccentricity is introduced so that the eccentric beam element
provides a ducti]g fuse which assures good 1ne1éstic behavior and energy
dissipation. Since the plastic behavior is very important to this framing
' system, the initial preliminary design should be made using plastic design
‘concepts. The technique of moment balancing is suitable for this. The
procedure simply requires that the designer obtain a moment diagram which
satisfies statics - and design the structure accordingly. It is immaterial

how this moment diagram was obtained or selected. Two factors are mos t
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helpful in generating the diagram. First, it is useful to understand the
general collapse mechanisms which can occuf in an eccentrically braced
frame. Secondly, becausg the brace provides approximately 75 to 80% of
the lateral stiffness of the structure, it should carry a similar propor-
tion of the lateral shear. An application of this general appréaéh fs
given'fn Appendix A. | |

The beam-to-column connectioﬁs are also an important feature of tHe
system. They must be designed as moment-resisting cohnections,‘becausé
the flanges require this restraint if the diagonal tension field 1s‘tor
form, and the beam must be designed to yield in shear. This 1is éccom-
plished-by assuring that the chosen beam has sufficient web area to
develop the plastic shear force, Vp, required fbr the eccentric beém
elements. The size of the eccentricity is selected so that shear yie]diﬁg
occurs before p]asfic hinges férm at both ends of the eccentric beam
element. Moreover, the eccentricity should be chosen to assure a balance
between shear and bending yield by having pTastic hinges form at both ends
of the eccentric beam soon after shear yield. This balance can be accom-
plished by choosing the eccentricity with the techniques suggested in
equati@ns 23 and 24, The beam must be designed fqr the bending moment at 7
the face of the column, which is considerably less than the bending moment
at the center Tine of fhe beam-column joint. The plastic moment is reduced
to M; in the eccentric beam segmenf and:is further reduced at the brace
connection because of the interaction between moment capacity and high
axial load in the central beam segment. It shoﬁ]d be noted that doubler
plates must not be used to increase the shear area of the web of the
eccentric béam element, but céver plates can be applied to the flanges to

increase the bending capacity of the beam. The beam desigh is critical.
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It should not be designed too conservatively because the brace and column
‘design depend on the beam designi

The brace itself isldesigned as a compreésionlmember with its ultimate
axial design load depending upon the ultimate plastic strength of the beam.
The axial design load will be somewhat higher than the Toad predicted by
moment balancing, and it depends on how conservatively the beam is designed.
The brace shoﬁld be designed for this ultimate compressive load with a
factor of safety of at leagt 1.5. The additional factor of Safety is
necessary to dssUre that the brace will not buckle despite sfrain harden-
ihg of the eccentric beam element, uncertainty in the actual yield stress
of the steel, and the additional force neceﬁsary to crack the floor slab.
This factor of safety could be medified if an analysis of én individual
design indicated that the modification was justified.

The columns are designed by the usual weak beam-strong column design
concept employed in steel moment-resisting frames. The beam-to-column
connectioﬁ must be designed as a moment-resisting connection as shoﬁn in
Figure 54. This type of all-welded connection is nécesSary because of the
high §hear in the eccentric element and the required flange restraint,
which assures stabi]fty of the eccentric beam elehent. 1t should be noted
that a fillet wefd is necessary between the erection plate and the beam
web because of the very high shear force in the eccentric beam element.

The brace-to-beam connection is best designed as a bolted joint with
a structural T section used for a gusset plate as shown in FigUre 55. The
flange of the T shoulq be directly aligned with therweb stiffeners as
shown in this figure. This paﬁrrof stiffeners is always necessary to
develop the'diagona1 tension field and to ensure stabi]ityrof the eccen- ﬁ

tric beam element. The bolted connection should be désigned for the full
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ultimate brace load with the additional factor of safety. The connection
must be designed with bolts in bearing,_and‘the bearing stress shoqu not
exceed the yield stress of the material. The limitation in beéring stress
is necessary so that cyclic slippage of the brace does not become too
severe and reduce the energy dissipation of the system. It should be notéd
that brace slippage in the cannection will produce a slight deterioration
in lateral stiffness during a major earthquake, bﬁt the loss in stiffness
can be regained later by we]dihg the connection. A welded connection is
va1so an acceptable alternative. Finé]]y, the use of a regular gusset
plate as shown in Figure 52 is also acceptable. However, this last detail
will generally require additional stifféners and doubler p1ates at the
brace connection.
Conclusions

The major éonc]usions.of this report can be summarized as follows:

1. The eccentric brécing system is a very stiff structural system
- which easily satisfies tHe servﬁceability requirements of building codes.
The weight of steel required may be of the order of 30% less than that
required for steel moment-resisting frames. Further, this lateral stiff-
ness remains stable through a wide range of small to moderate eccentrici-
tiés. |

2.~ Cyclic shear yielding is a desirable method of energy dissipa-
tion for the eccentric e]ement. Shear yie]ding‘offers aood stability
under large cyclic deflections. Web buckles form after the web has
yielded, but if the beam is properly designed, a cyclic diagonal tension
field forms at 1afge displacement levels, and this tension field prevents
any significant deterioration in the inelastic behavior of the frame.

3. The cyclic inelastic behavior of structures with eccentric
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" elements which yie1d in shear can be predicted by a simple analytical
model which gives a good indication of structural behavior.

4. Inelastic dynamic analyses of the eccentric prototype system
and other alternate concentrically braced and moment-res%sting.frames_
under two very different severe base excitations indicate that different
excitations produce different responses in the structure. Some excita-
tions‘create a pulse effect, and the structure must have considerable
elastic strength and stiffness to limit inelastic deflections. Other
excitations exhibit a periodic effect, and the structure must exhibit
sound cyc]ic‘energy dissipation characteristics to limit inelastic deflec-
tions. The eccentric bfacing system'perforﬁs very well because it combines
the stiffness of a braced frame with the very desirable energy dissipation
of a steel moment-resisting fﬁame. |

5.  One-third scale models of eccentricalgy braced frames exhibit
large initial elastic stiffness; they also possess very sound energy
dissipation characteristics. The hysteretic loops are unpinched and do
not deteriorate in strength or stiffnes§; Further, even beyond failure
of the first eccentric element, the structure continues to retain most of
its strength and stiffness. Therefore, the premature failure of a few
eccentric elements for aﬁy reason will not necessarily mean a total col-
lapse of a structure. Apparently a relatively large number of eccentric
elements must fail before the structure is in danger of total collapse.

6. - The inelastic behavior of the eccentrica11y‘braced frame 1is
very good, bﬁt very large inelastic floor deflections must be expected
through all of the f]oofs of a structure. This is both an advantage and a
disadvantage. It is desirable because it distributes the inelastic

activity and no one point experiences excessive defgrmation. However, it
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also indicates that considerable floor damage must be expected on all
floor Tevels. The floor damage may be quite severe, but it is also more
easily repaired than many other types of damage.

7. The beam-to-column joint must be a moment-resisting connection.
This is necessary because the flanges of the eccentric beam element require
restraint to develop the cyclic diagonal tension field. A web stiffener
is also required at the brace connection to develop this tension field.
These connection details are costly, but the weld and member sizes are
relatively small. Therefore, the danger of lamellar tearing and the‘cost
of wering should be significantly less than for a steel moment-resisting
frame.

8. No doubler plates are required in the web of-the»co]umn of the‘
eccentrica11y.braced frames. Inelastic strains in this panel zone do not
adversely affect the story drift as they do in moment-resisting frames.
However, stiffeners may be needed at the beam-column connections.

9, A peripheral conclusion was reached relative to the design of
the Bo1ted connections. As is well documented in the test of Frame 1,
slippage of bolted connections can have a very detrimental effect upon
the hysteretic behavior of the total structure. This effect is limited -
if the bolted connection is designed conservatively in bearing on the
bolts. Therefore, it is recommended that bolted connections, which are
subjected to cyclic Toadings, be designed for ultimate bearing stresses
no larger than the yield stress of the material.

In addition to the above, there are several areas which are worthy
of further study. These include:

1.  The possibility of developing a new all-bolted beam-to-column

connection for use in the eccentric bracing system. This connection
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detail is not possible with the usual bolted web connection because of the"
high shear forces and bolt bearing problems noted earlier. This type of
connection would have to be a hybrid connection which eliminates the bear-
ing stress'prob]em;

2. The effect of axial force on cyclic shear yiéidfng of beams
needs further study. The behavior of beams which yield in shear is
exce]]ent, if the axial force is Tow. However, no tests have been made
on beams simultaneously loaded with axial and shear force. This type of
condition occurs in systems such as the eccentric K brace, and it may also
occur in other bracing systems under certain conditions.

3. Eccentric bracing creates a structure which utilizes the beam
better and limits the magnitude 6f forces and'moments in the members. The

general eccentric bracing concept could be applied to other structural

!

systems.
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SPECIMEN| DESIGN SPAN PRIMARY o
NUMBER | OPTION |DIMENSION YIELD SPECIAL. NOTES
B (IN.) | MECHANISM
[ A 6.0 SHEAR
2 A 6.0 SHEAR .
3 A 12.0 BENDING
4 A 12.0 . BENIEJING» 3/16" DOUBLER PLATE TO WEB
5 A 6.0 COMBINED | 3/15“ DOUBLER PLATE TO WEB
6 A 6.0 SHEAR o |
.7 B 12.0 'BENDING STIFFENER PLATES (i/4") SPACED 2-1/72" 0.C.
8 | 8 12.0 SHEAR 3/8"x1 1/4" COVER PLATE ON ALL FOUR FLANGES
9 c 60 SHEAR | NO FLANGE OR WARPING RESTRAINT -

TABLE 1 - DESIGN PARAMETERS OF BEAM SPECIMENS




§0074 72 2 o g
~ 1S¥I4 = = S
aN3 HLNOS
NOIL1931430 . -
30014 || @ ~ | & | <
[ < o o
¥0074 7 8 ~ &
1S¥14 [| = ; ; ,
ON3 HLYON
NOIL231430 1| |
40074 = il I~ -
' _.Tru_ ‘_. .. 1
, L w Lo o)
] Ta] o™ ™~ o
¥0074 =z S < ~
aN0J3S
NO11231743@
WYY || & =R |3
, o 4 [ —
40074 2 S S &
N .
15414 || = e e =
NOIL931430
AV EEILAl = o o o
< Ko
ru P = o
+
[ M~ . QO [N
i w) < [an] m
¥004 || = S ~ -
QYIHL
NOI123743¢
3LV - X A
e s —
= o (3] €]
<L ~ [=0] o
32404
MWAILYT - . ° o
(VS [Te] uw h
[ vel o | o
ot — ~ o
AOn.nlu.. [a [= fa
= a. — + — —_

~146-

.32
.92

.07
71

-.59
-.88

-.61
-.93

2.29
3.25

2.15
3.30

1.37
.95

A7
.76

2.76
4,02

2.78

4.25
TABLE 2 - COMPARISON OF DATA POINTS BETWEEN ANSR-I AND TEST FRAME 1

-108.4
115.4

112.9

109.6

LP 19
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.30
.97

.16
.79

-.16
-.38

-.52
-.82

2.39
3.51

2.38
3.55

.38
2.03

.31
.91

1

2.98
4.50

3.00
4.53

112.0

107.1
TABLE 3 - COMPARISON OF DATA POINTS BETWEEN ANSR-I AND TEST FRAME 2

113.6
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AXIAL LOAD IN BRACE =P = A—B@-

LENGTH OF BRACE (UNDEFORMED = I_Sl?\le

LATERAL STIFFNESS OF BRACE =K = PCOS&

SMALL ANGLE GEOMETRY IMPLIES THAT
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K =Ah— (cos 29) (SING)

FIGURE 7 - COMPUTATION OF THE LATERAL STIFFNESS PROVIDED
BY THE BRACE
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FIGURE § - LATERAL STIFFNESS OF A SINGLE STORY FRAME
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B) PHOTOGRAPH AT THE END OF THE NEXT HALF CYCLE

FIGURE 11 - PHOTOGRAPH OF THE TEST APPARATUS AND CYCLING PROCEDURE
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FIGURE 27 - SHEAR STRESS DISTRIBUTION AND CROSS-SECTIONAL
WARPING DUE TO SHEAR DEFORMATION IN A WIDE
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BRACING SYSTEM

FIGURE 48 - DAMPING FORCES ON THE ELASTIC CENTRAL
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FIGURE 57 - PHOTOGRAPH OF THE KEY COMPONENTS OF THE LATERAL SUPPORT SYSTEM
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CEFLECTION HYSTERETIC CURVES
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FIGURE 65 -~ COMPONENT OF LATERAL FORCE INDUCED BY VERTICAL LOAD CELLS
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FIGURE B84 - TEST FRAME 1 - COLUMN FLANGE BUCKLING
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FIGURE 90 - BUCKLED THIRD FLOOR BRACE IN TEST FRAME 2
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APPENDIX A
AN EXAMPLE OF MOMENT BALANCING

.The basic design of the eccéntric bracing system must consider the
inelastic behavior of the frame. Moment balancing (24,25) is a very
versati1é procedure for considering this behavior. This technique is
based oﬁ the concept that, if a structure is designed to any momént
diagram which satisfies statics, the loadings will be a Tower bound of
the true strength of the structure. If the design is alsc performed fo
attain a specific mechanism, the Tower and upper bound theories are |
simu]taneoﬁs1y satisfied. Itlis immaterial how the distribution of fbrces
and moments was attained in moment balancing. The distributibn can be
obtained by a good guess or by any of a numbér of rational procedures.
This appendix will give an example of one pos§1b1e way of finding an‘
acteptab]é moment distribution. The exampie frame and ité factored
loadings are shown in Fig. Al. The bracé is a55umedlto be pin-connected,
but all other connections are moment-resisting conhections.

It is also very necessary to consider the desired collapse mechanism
of the frame when performing moment balancing on ah eccentrically braced
frame. The eccentric system should be aesigned so that essentially all
of the plastic action is concentrated in the eccentric beam elements.
Therefore, the mechanism shbwn in Fig. A2 is appropriate. | 7

The first step in the balancing procedure is to obtain an initial
estimate of member fbrées and bending moments for the brace, the beam,
and the column. In arriving at these estimates, it is required that
each individual member be in equilibrium even though the nodeﬁ may not

be in equilibrium.
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The balancing then proceeds by arbitrarily assigning approximately
80% of the 1atera1 load to the brace since it provides approkimate1y 80%
of the lateral stiffness. This assumption is applied to the brace in
the example shown in‘Fig. A3. Once the original estimate'of the brace
forcé has been agreed upon, this force ﬁan then be used to compute the
mdments and forces in thé beam. This is dﬁne by assuring'that the
eccentric node is in equilibrium, apd the final moment diagram is con-
sistent with thé collapse mechanism (see Figure A2). Figure A4 indicates
a_fypicaT loading diagram for the top bgam. End moments M-l and M2 of
this figure should be chosén so that the moment dfagram of the beam is
compafib]e with the collapse mechanism shown in Fig. AZ2. It should bé
borne in mind thét the plastic hinges’of the beam form at the face of
the co]uhn; they‘do not form ﬁt the‘center line intersection; Because
of the steep moment gradient in the eccenfric beam element, fhis‘dis-
tinction makes a consfderabié difference. The initial estimates of the
force and moment diagram is found for the other beams just as they were
for the top beam. | |

The forces and moments in the columns are found by recalling thét
fhe remainfng 20% of the ]atéral forces which are not carried by the
bréce must be carried by the columns. This is assumed to be equaij
distrfbuted between Both cb]umns as is shown in Fig. A5. Figure Ab
-shows that the two end momenfs, M] and MZ’ are cbup]éd by the known
shear force. waever, one of these end moments must be determined by
an arbitrary estimate. Figqures A6{a) and A6(b) represent typical initial
distribUtions of forces and bending moments-which could be obtained by
the above procedure. The forces in Fig. A6(a) were chosen so that all

of the nodes are in equilibrium with respect to force. Further Fig. A6(b)
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was chosen so.that the bending moments are in equilibrium at the eccentric
nodes. However, the bending moments are not in equilibrium at the beam-
to-column joints. The next step'in the - moment balancing procedure is to
eliminate these imbalanées. There are several methods of eliminating these
~imbalances, but the easijest is to note that the moment diagram of the
column can be shifted, without affecting the balanced shear and axial
forces, by adding a constant bending moment over the Tength of the column
as shown in Fig. A7. This technique first must be used to balance the

top nodes, and the constant moment islpassed down the column to the next
node. Each successive node.is balanced down the column until all nodes
are in equilibrium. This correction procedure produces the final moment
diagram shown in Fig. A8. All forces and moments are in equilibrium with
this moment diagram.

It should be recalled that the initial distribution of moments shown
in Fig. A6(b) was obtained by arbitrarily assigning one of the end moments
for each column segment. The correction procedure used to obtain Fig. A8
is modifying this initial assignment, and so 1if the arbitrarily selected
. end moment had been chosen with enough foresight, there would have been
no imbalance.

Since the distribution shown in Fig. A3 is in equilibrium, moment
balancing permits the use of this distribution of forces to perform a
plastic design. However, a better, more economical design will result
if the distributed forces are examined carefully. The above aistribution
produced columns which are under single curvature. Single curvature
results in larger column sizes than double curvature. This problem is
not too severe in this particular example, but in other cases it could

produce unreé1is¢ica11y high design moments in the columns. When this
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happens, the balancing should be corrected by s]ight]ybincreasiﬁg or
decreasing the proportion of lateral force which is carried by the brace
and rebalancing. Thus, the final step in this balancing procedure is to
examine the resulting moment diagram, and, if necessary, revising the
initial estimate of the percentage of 1a£eraT force cafried by the brace
and repeating the first two steps. |

This has been an example of one way of handling moment balancing.
The-method, which is used to obtain the final force disfribution, is not
important. It isaimportant to assure that the final force and moment be
consistent with the desired collapse mechanism (see Fig. AZ). The pro-
cedure used above does this by making a judicious selection of end
moments for the beam and holding these end moments constant throughout
the balancing. This same procedure could also be applied to‘very 1ar§e
or té]] structures. However, it is recommended, that the baTancing be
done in parts for these structufes. That is, the very top story or
stories should be completely checked and balanced before starting on
the next Tower level. The balancing then proceeds down the strﬁcture,
and the analysis is simplified, because it is a1ways_concefned with only

a small part of the total structure.
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FIGURE A8 - BALANCED MOMENT DIAGRAM
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APPENDIX C

- INPUT FORMAT AND FORTRAN LISTING
FOR SHEAR YIELD ELEMENT

INPUT INSTRUCTIONS

The number of words of 1nformat10n per e]ement - 104.
A. CONTROL INFORMATION FOR GROUP (715) - ONE CARD.

Columns 5: Punch 9 (to indicate that group cons1sts of
shear yield elements),

6 - 10: Number of e1ements in group.

- 137:- 15 Number of different element st1ffness types
(max. 40).

16 - 20: Number of different end eccentricity types
(max. 15).

21 - 25: Number of different yield surfaces for cross
sections (max. 40).

26 - 30: Number of different f1xed end force patterns
(max. 35). ,

31 - 35: Number of different initial element force
patterns (max. 30)

B. STIFFNESS TYPES (I5,6F10.0,3F5.0,/,F10.0) - TWO CARDS FOR EACH
STIFFNESS TYPE.

Columns 1 -~ 5: Stiffness type number.
6 - 15: Young's modu]us of elasticity.

16 - 25: Uniaxial strain hardening modu]us, as a proportion
of Young's modulus.

26 - 35: Depth of the wide f]ange beam.

36 - 45: Thickness of wide flange beam flanges.
46 - 55: Width of flange.

56 - 65: Web thickness.

66 - 70: Flexural stiffness factor‘fii (see note below).
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71 - 75: Flexural stiffness factor fjj

76 - 80: Flexural stiffness factor f,; (see note below).

(see note below).

J
1 - 10: Poisson's ratio

Note: Note that the flexural stiffness factors are used to compute the
- bending component of deflection as described in Chapter 3. There-
fore, these factors must reflect the degree of rotational constraint
provided by other attached elements as well as any variation in
element properties and dimensions, If this is not done the warping
restraint provided in this element may produce erroneous results,

C. END ECCENTRICITIES (I5,4F10.0) - ONE CARD FOR EACH END ECCENTRICITY
TYPE.

Omit if there are no end eccentricities. See Fig. BZ.6 for
explanation. All eccentricities are measured from the node
to the element end.

Columns 1 - b5: End eccentricity type number, in sequence
beginning with 1.

X eccentricity at end i.

6 - 15 X, =

16 - 25: ,Xj = X eccentriéity.at end j.
26 - 35: Yi = Y eccentricity at end 1.
36 - 45: Yj = Y eccentricity at end j.

D. CROSS SECTION YIELD SURFACES (15,5X,2F10.0,40X,F10.0) - ONE CARD
FOR EACH YIELD SURFACE.

Columns 1 - 5: Yield surface number, in sequence beginning with 1.
11 - 20: Positive (sagging) yield moment My+.
21 - 30: Negative (hogging) yield moment My -

71 - 80: Shear yield force. A very large number is
assumed if left at zero.

E. FIXED END FORCE PATTERNS (215,7F10.0) - ONE CARD FOR EACH FIXED
END FORCE PATTERN.

Omit if there are no fixed end forces. See Fig. B2.,5.
Columns 1 - 5: Pattern number, in sequence beginning with 1.
10:  Axis code, as follows. '

Code = (: Forces are in the element coordinate
system, as in Fig. B2.5a.
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Code = 1: Forces are in the global coordinate
- system, as in Fig. BZ2.5b.

11 - 20: Clamping force, Fi'

21 - 30: Clamping force, Vi'
- 31 - 40: Clamping moment, Mi'
41 - 50: Clamping force,'Fj;
51 - 60: Clamping force, Vj.
61 - 70: Clamping moment, Mj-
71 - 80: Live load reduction factor, for computation of
live load forces to be applied to nodes. See
Section B2.5, Appendix B2 for explanation.

INITIAL ELEMENT FORCE PATTERNS (I5,6F10.0) - ONE CARD FOR EACH
INITIAL FORCE PATTERN.

Omit if there are no initial forces. See Fig. B2.5a.

Columns 1 - 5: Pattern number, in sequence beginning with 1.
6 - 15: Initial axia1 force, Fi'
16 - 25: Initial shear force, V,.
26 - 35: Initial moment, Mi'
36 - 45: Initial axial force, Fj.
46 - 55: Initial shear force, V.
56 - 65 Initial moment, Mj'

ELEMENT GENERATION COMMANDS (1215,2F5.0,15,F5.0) - ONE CARD FOR
EACH GENERATION COMMAND.

‘Elements must be specified in increasing numerical order. Cards
for the first and last elements must be included. See NOTE 7 for
explanation of generation procedure.

Columns 1 - 5: Element number, or number of first elément in a
sequentially numhered series of elements to be
generated by this command.

6 - 10: Node number at element end 1.
11 - 15: Node number at element end j.

16 - 20: Node number increment for element generation.
[f zero or blank, assumed to be equal to 1.
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Note:

21 - 257 Stiffness type number,

26 - 30: End eccentricity type number. Leave blank or
punch zerc if there is no end eccentricity.

31 - 35: Yield surface number for element end 1.
36 - 40: Yield surface number for e]ement‘end J.

45: Code for including geometric stiffness. Punch 1
if geometric.stiffness is to be inciuded. Leave
blank or punch zero if geometric stiffness is to
be ignored.

50: Time history output code. If a time history of
element results is not required for the element
covered by this command, punch zero or leave
blank. If a time history printout, at the
intervals specified on card D1, is required,
punch 1. :

51 - 55: Fixed end force pattern number for static dead
' loads on element. Leave blank or punch zero
if there are no dead loads. See note below.

56 - 60: Fixed end forces pattern number for static live
Toads on element. Leave blank or punch zero
there are no 1live loads.

61 - 65: Scale factor to be applied to fixed end forces
due to static dead loads.

66 - 70: Scale factor to be applied to fixed end forces
due to static live loads.

71 - 75: Initial force pattern number. Leave blank or
punch zero if there are no initial forces.

76 - 80: Scale factor to be applied to initial element
forces. '

If the static load code, Card Cl1, is zero but fixed end forces
are still specified for some elements, an inconsistency results.
In effect, any such fixed end forces will be treated as initial
element forces. ‘
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nAm™mn
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lalal
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1

mE QN -

W ono -

SUBRACUTINE FESFO (NTCF, NINFC,KEAL KPP, CO¥S,L0ISM, 0D, TIME, VELM,DFACRES

yDEL TA)

Frg
PES

AERE AR DR A A AT T RRAAS AL R T F YA ARl I A S P AS LT RN RGOSR AN AR PR nd Y Ry S WREEC

SHFAR YIELZINC ELEMENT == STATE CETESMIRATICAM
CFARLES RCECFR

QEYISED FROM ELFMFMY & -~ FIBALARY 157€¢

"FEQ

REC
PrES
RES
HRES
FES
RES

dhbh bkt Akt hhk b r hbkh kAR AdA kA AR dphddd b cctterfodbtceticancoted LAY R EPREG

COMYCRN ZINFSLY IMEN KST,LM(6) KCECA FLACOSA;SINA, A2 €EX,EK1L,
FKZ2,EKLZ,PS5H EAL ,EKILF FK2Z+,ECL(4) ,KCOYX(Z),
KUY (7 )y EMTITC2 ) ySFICTIZ) 4% TLUL2)yFRTICT{Z] ySENF ™) (AESG.
SERNN{8) ,FERO(AR) , TERM(B) ,FFRACFTL2),PFa(N(2), EMERL2),
SRACTL®) 4PMY (2,23, ACDI4RCDJ,KCUTDT ,PR12,PR21,
SKI1,5K22,.SK12,EK11F.S5K22F,YP(P1,REST(SE)
COMMON /WORK/ DVR(2},DPRI2),2FM{2) \BENTCT(2),EML{2) ,ONEL{2),
CVAX,CFAX,FACACLFACTLR ,FA( ,L5F ,BEFIUB, EMJLA, SFUB
JENTL2) ,VEL(2),wCRK,

ySCMI  SOW J(SDFC (KCCE{2) ,WT
SHYLCKFUZ 1y WL 1SSE)

COMMCR/TrRISY/ITHCUTOL1O) ,THRCUTL(20), LTHF , TSAVELNELTH.NETH NF7,15E

CIwEhSICK cC¥{1), CCMS(L?!y CCISMO1), SC11), VELMIL), INL-183)
FOUIVALENCE (IMEW,CCM1)), UNCOI,NCCULYY)

KhT=C

TN 10 J=1,NINFC
CCMII=CCMS L)
XKEOYX{ 1Y =KODY (1)
KCCrXx(2)=KChr{2}

IF [INMENM.EC.1) IHFC=0

CEFCRNMATICh IRCRENEATS

IF {SC(1),EQ.1.23456F10) GC TC 20
DDISM(P)=CCIS¥I{1)-ECLIIRCDISNLAY
COT1SMI2)=DIISMI 7 1 +ECLIY£DDL1SKI D)
CDISNMUAY=CCISNL&I-EC(a)™CCTISMIE)
BO1ISMIS)I=0OXLISMIC)I4ECIZIN¥CNTIEMIG )
CVAX=COSA%(CTISM{A)-DRIEN( L1 )4SINAD(BCTSEN(EI=DDISH[2))
FOT={SINA®{CLCISV{a )—DDiSNll)lt( CSEAR(CLISMEZ)I-CEISMIE ) ) )I/FL
CVROII-POTSM( 22 +RCT

CWRIZ2}=CCISN(EI+RCT

AXTAL FCRCE INCSEMENT
CRAX_FALEDVAX

FTICTC1)=FYCT(1)-CFAX
FTOT(2)Y-FTCT[2)3CFaX

LINSAR NMCMERT INCRENMERNTS

CALL ENCALS

REO
FES

FES

REQ
]
RES
REQ
AES
FES
FES
FES
KL%
RES
REQ
REQ
RES
HES
RES
HEQ
RES
RES
FEQ
RES
PES
FE®
AFS
RES
RES
RES
RES
ncg
REQ
AES
RFES
FES
RES
RES
RES
RES
FES
RES
RED
RES

10
20
zq
ac
S0
e
70
80

100
1c
120
13a
tag
120
1£0
17¢
10
1c¢C

aéC

Ta7e

agon
asc
500
<10
£2¢

2Nt NaNaNal

a5

5

o

E0

[ +]

EMLL 1 )=FvEIL1 reEw{ )}
ENMI (PP=ENEF(2)+CEV(2)
EMFLI L) =EMTCTL L )-BMFI( 1)
FMEL P )ZEMTOT (2 )-ANEI[ D)
&
YRACE OUT SCALTRERR aTH

MCTE THAY CONTINURTICH CF YLELDINC 1S CrECKEC @Y ASSUMING ELASYIC

EFHAVICE AND ZFTFRMINING IF THE Y]ELT SURTALE IS PFACTRATED

NI={ANFD(1) +BNEF(2) )/ FL
oMT( 1 )=BRE0T L}
ENT(Z7Y=EFVER(/M)
KOOY(L)=C

KCCY (2120

caLL BvCaLc
fagcac_Q.

Kt AL =N
FACTOR=1,-FACAC
KCCr {1)=KCeSY (1)
KCAZ(2)-KEOYL( D)

FCRMAT {gmQR,allC)

NLASTIC +TRGE RCTATICAS -

KYY-KODYU 1) +KOIYT P D41

CU T (EN.90,50,400,00,05,50) ,KT7T
OCPRE1)-DWR{1)43IRZ21*IVRI2)
CUFL')=CVR(P) 421270y 1)

ot Y0 £¢
CRPRIII=DVRI 1) 1 SK1P /541 118V ()
GFR{Z)=0VvG(2) «(S<12/5x2 32 )1%CVR ()
cn ore FC

erAC1I=CVRl)

DPRZ)=IWR(D)

KFAC=1

ZC 152 IERZ=1,2

KYYsKPIY[IIFNO I #

GC TC (6S,02,65,9M) ,K¥Y 1

FLASTIC, 1 FACTCP FGQR STATLE (FARCE
IF (CAKMI]IENDYIY 7Cy1CC4PC

FACS {F¥Y(IENO, 2 )-FMEPLISNR) ) 3/ DBN{ TEND)
IF {FAC.GY.FACTCR) CC TC 100

IF ({IFNN.FCa?)eANTCIKCNY( 11 -KODE {12) aREC)-ARD (FACLNELF ACTER))

KCCY (1) =%(2v(L)-1
IF {FAC.LT,0.C) ALL EXIT
Fa¢
AFMY=PMY[IEND ,2)
KODY(1ERS 1=K YO IENTDY 41
KFAC=TENG . -
sC TCo1ce
FAC=(CEMYLIERT ) 1 J-PAER(IFAC) I/DONMEIENT)
IF LFAC.CZT,FACTCE) ¢C:YC 100

[F (L TEND.CCa?7)a@kO ol (ACNYC L) —KODELT11) aRFaCleaARDAIFACLRE.FACTCR}]

FES
RZS
EES
RES
PES
FES
EEC
RES
EEQ
RES
REQ
RES
RES
FES
FES
RES
RES
FEQ
REQ
RES
REQ
PES
RES
RES
REQ
PEQ
FEG
RES
REQ
RES
REQ
RES
RES
RESG
RES
AREQ

PES

REG
REG
PES
RES
RES
PFS
AES
RES
RES
RES
REQ
RES
RES
REQ
FES
RES
FRES
KET
FE®Q

FT0
SEC
560

¢EC
€90
700
T1ic

TacC
740
750
Tec
770
TEC
79¢C
RQO
ele
azo
Bic
B&D
250
REC

eec
890
90¢
SiIc
920
sz
4490
259
SEC
°74Q
9ec
990
1909
1cic
1020
1e2¢
1040
1750
1CEC
107C
1¢e¢C
1090
[ R
111ic
1120
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L

XC2Y{ 1) =KCOY L1} -1
1F {FBC..T.0.0) CALL FXIT
FACTIF=FAC -
SEMYZOMY T IERD 1)
KCTY IIENC)=KOCY (1SRG Y1

CCATIhURE

COATIRUF

IF 9CTH CLPES ARE FFESEY CUE TC EERCINMC YITLD CHECK
FI1RST

KYVzCCY{))+K LYy (2)-KCCETL)-KCCEL(Z)

TF (NYY.RE .2} 50 0 1(3 -

K¥¥Y 15 LFSS THAN 2 URLESS ®CTF YLELD AT THE SaMg TIME LR FACTCR=2

17 (AAS(IOV(1)}.5T.aF3(CENMG2))) KOCYUZ)=KCLY(2)-1
T (ABS(I5ME1)) LT .ASSESEM(P)) ) KEDYC1) "KCEY(1D -1
CCMPTINUF .

INSFRT SES4P YISLT ThFCK

SHF AC=FacC¥YCR

IF (FACTCPZGT 1,51 SHFaf=1.0
BMT{1}=BwT(1)+SFFACEN N[ ])
ENT{2)=ENT(2)4S-FAC®CEV (2}
DELSHP={SMT[1)1-PMFO( 1 J+ENT(2)-BMEF(2 1) /FL

VT =VT+DELSFR¥SHFAC

1F [FCSY(1)sCGlae2) LC TU 10R
18 FLASTIC IN SyrFalk -= CHECK FCR START CF YIFLOING -

ELZMFNT
IT (%1 LT 7.0 €L TLC 104

IF ANTLE,VvP(2)Y) GO TC (S

GC TC LOA

IF {(*TaGF-VPILl}) 5C 7C 105

¢C TQ 1R

COATINUF

CLEMENT [S STARTING TC YIELD [N SRFAF

FACs1.0

IR} (PELSHRLET.0.D) GO TI 10E

IT (VT LLF.Q40) FAC=1.-{VvT=-VR{Z) ) /{CELSFPEHFAL)
1 [(WTa€Ta™ D) FAC=] o-IMT-VITl1) 3/ {CELSHFR2SHFALC]
CONTINLE

FaCTCh=F3{"NHT AC

KEAT =0

KENY{1)=K0IC1L 1347

KCSY [(PY=KLCELP 147

G0 TD 10F

CONT INUE

CRT-KRT41

[F {KAT.6Tal6) CALL EXIT

SHEAGS CHEC% {S FINISFEC =GR THIS CYCLE CCRTINUVE CN
UPDATE SHEAP FQR YIELD CHECK

15 [KCCY {11402} GC TO 109
CELSHR=FACTCPA{CEM{1I+4DFNM(2)1/FL

CONT INUC

LDZ2AYFE MOWMSRTY 2RD FINGE QCYATICHNS

CC 1a¢ 15pr0-1,7

wWFHICH YIELCS

CYCLE

RES

LES
RES
RI9
PES
RTS
FE9D
RES
RFS
FEG
RES
FES
Rpzg
REQ
REQ
FLs
FEQ
pcg
PEY
RES
neg

nes
REY
RES

RES

1ze,

1130
11E¢
1160
1170
11e¢
1199
1z00
1210
1229
Le2C
1240
lzEC
1280
127¢
[ 3.2
1290
L200
1710
1320
123¢
13a¢
125C
13¢0
127¢
128C
1390
lacc
141¢C
1429
182¢
1440
14<c0
1460
1470
1a8C
1490
15C0

1510,

152¢
152¢
1540
188¢
15€£0
1570
LSEC
1593
1€CC
1510
1£20
[Kals i+
1636
1€5¢
1660
1670
1EEC

-

Ny

nnAn

[Nl

11¢

1632

If (1ERC.E™.wFrC) €C TC 137
TF ((<COY(I®RS)anEaD) JANCL(KCCYCIERCI.ME-2)) CC TC 110
ZFMED{JENE JsFAaCTCOSCENT ITAED

CC Ir 140

ZRIRM-FAC TCRWNP&( [FAT)
FREICTCIERTY=EGTLY ( ILNC)4TDPR

[F (DPPP.LT.0.) GC TC 12C

FraCt (LENTI=FRALP L LENC ) 40P 3R

5% 'C 140

PRACKY [ERDI=PFACKI [ERC) +DPER

€C TC 1an :

@NECN{TERD} -PE #Y

CORT INUT

TF (KCEY(1).LT.2) GC TC 107

A7PLY 1SCTRCOIC FARDERINT EFFFCT 10 SHEAF Y1ELL SURFACE
IF (VT.6TaNaD ) VPI1d=C(ENMEP(BI4EMER(2) }/FL
IF {(vT.L%.C.0} WE(2)=(FNFRP{L) «ENEFTIZDI/ZTL
CLNT INUE .

CHENK CCNPLETITA F CYCLFE

FACAC=FAacacsFpcT(CF

ECRY 2T (2FOB, G{E2Ca1C, s ))

IF (CafAf.GT.ua9C29G) €C TC 150
ChALL BMCALC

cC T 50

F_ASTIC AWKD TDTaL FCRCES

EMTCTLLI=0MTIT])

FAVTCTUI)=FMTET(2) .
FMTCT{1) -ANET(]) +RNMEL (L }+{ERLIPCVR I J+EXI2HCVRLIZ2)IVESK
EMECT(2)=PMFP (2 JAFUEL {2 I4(“RIZ*2OVRILIHERZZHCVRIZIDIPFSH
CEF=(ONTCTIL ) -BSMTOT LI} 4ENTOT(2)-EENMTCTL2)/FL
SETOYL)-SET0TILI+DEF

SFTCT(Z22=0FTCT (2)~CST

UNTALANCEC LCACS CUE 1O YIFLD

IF ({KOCDYL DD ahT LI NDTYNE 1) BaCRGIKCDY(T) e hEKLCYX(2}) ) KPAL=1

FCUe=0,

1i" (KRAL,EC.6) &C TC 16¢C
eVvIUA=FEML LI -FYER (L)

EM UB=EWL (2)-SNEE(2)

cc Te 17c

E¥MIUE=0 .,

PrJUR=C.

; .
CCFCRMATICN FATES TCF CAWPINC

IF {CFAC.SC.0.0.ANCWOELTALFQ.0.0) €C TC Z0¢
IF (TIME.ECW0.) GO TU 710

KEAL=L

IT (ECU1).EM.1.27456E10) CC TC 180

VFLMO 1) =vRELMU 1 }~ECE3) ¢vELM{3)
VELM(2)I=vELY{2) s EC{LIIVELM{ )

RES
RES
PES
RES
REY
RES
PFS
REQ
RES
REO

RES

PES
KE9
REQ
REQ
HES

1es¢
17¢C
1710°
177C
1730
17ac
175¢
17€0
L77¢
1780
L75¢C
18€C
1A10
1B2¢
1820
1Ea¢C
1esc
Lae0
167¢
1980
Lesc
15¢¢
1910
1520
1930
1540
168¢C
19€0
197¢
1980
1550
zcce
2010
2020
20320

‘zoac

ZLsc
2060

207¢C

2080
2¢sc
z1¢6¢C
2110
229
2120
21a¢
zice
2160
e
2180
2100
z2cc
2210
z220
~230
2240
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209

22¢

VELM(4)=VELMI4) FC{A)OVELNIED
YELN(S)=VILMIS)HECIZ)PVELMIE)
OVAX=COSAN(VELP(&)-VELM (I JP+SINAY{VELM(S)I-VELM(2)}
FOT={SINA®» (VELM(&)-VELM{ 1} )+CUEAA{VELM{Z ) - VELNM{Z)))I/FL
DVR{TI=VYELM(I ) +RCT

CVRI{Z)=VELMIG)+QCT

BFETA-C DANPIACG

IF (CFAL.EC.J¢) GC TC 190
FaC=0FACS{ | .405H) .
ENMIUESEMIUD#{ELII%CVRCOLI4EC 1 28CUR(£) paFAC
BMJUE=PMJUB+ (EK12ADVO (1) ¢EKZA*CVR(2 ) I ¥FAC
rCUM=FAL*CY AX*CFAC

SIRLLTLRAL DAPPING LLCAD

IF (DFLTALEG.C.Y CC TC 200
SCMIzCELTA®ARS(PMIOT (1 I)*SIGh  1+,C0R{)}
SOMI=DELVAHABS(ENMTOTIZ  IES[CRIL ., CHFI(Z])
SOFO=NELTASARS((FTOTUI)I+FTCTEZ) /20 b-SICRTL ., Cvax)
EMIUBE=EMIUE-SCMI+SCACY (LY
BMILB=ENJUA-SCrI+0aCT(2)

FOUR=FCUE-SUFO45MACTLD)

SDACT{Y ) -=SCM]

SCACY(21=50M1

ECACT(3)=5CFC

IF (KEAL.ER.O) €C TQ Z1IC
HFUB=(EXIUSeENMJUFE)/FL
cEod1) SFUBES INA=FOLBECTSA

CLCM2)Y=SFURKCCSA-FCUP*S N
ODI N -BNTUR
TL(&4)=-CC(12

LRlEY=EMILE

IF (ECC1).EGal+23455E10} CC TLC ZIC
CDIIY =00 2]1-DC(1I*SCI3)+CO(2I*EC(1}
CC(E)=CC{E)-CO(41PECLE)+CDIC)RECL D

EXTRACT <nYELCPFS

DC 23¢C [=},@

S=TMTCT LI

IF {S.LELSERATIT )Y GC ¥YC 27D
SENP(I)=
TEMNPLINI=T [ME

IF (S.GE-SERMLI)) €C TC 23¢
SENNII)=5S

TEMARCI)}-TINE

CONYINLFE

PRIMY TIME-FISTCRY

1 EAVE=C
IF (XPRWLT.0) GC YO 240

REQ

RES
RES
RES
FES
RES
FES
Ees
RES
RES
RES
REG
REs5
RES
FEG
RES
RES
FE9
RES
RES
ncte
PES
RES
RES
FESG
REC
REG
RES
RES
RE9
RCS
RES
FEQ
RES9
RE9
PEG
PES
REC
RE<

'REY

"

]

[alaNal

287

1F (KRFR.ET,0.(E.KELTCTLEC.O) €L TC 10
I LITRP.5T.1) 6N TC Zac '

1F UIREC.MEL.C) CGC TE 260

wKDP=- [ABS{KIR)

DTINT P50, KKOR,TIME

2€3 ECAMANC(/ZZ1AF BESLLTS FCR GFCUF .2,

MR W N -

PIM, DCAV ELEMENTS, TIME =,FE.7///SX,
SKOELE
TRVEHANIAL L 1 EX22IHOLASTIC FINSE FCTATICNS/5X,

Sk NCagAX,8F NC,y3%,SF CCCE, Ex, 7?0 WMIMENT, 73, HFCRCE,
NEC L)

TXSHFTRCE A%, PHFCURRERT a0 ,CFACCa PLEay3X,0080C,
1+-ED=}

AN AFRCCE I X, SFYIELC+6X o 7HFBERTLIAG, 7h, EHSHE AR,

RES
FES
RET
REQ
REQ
REG
REC
RES
FEQ
RES
RES
ROt

267 FRINT 270, INMFO, (RCCIT),SCOYCIdyEFICTE1aSHICTELY, FTIET{12,PRICT{IIFRFG

27C FCRMAT LIS, 1R 17, 3X .l 1722 3N F12.5/Sx,TE,17,2X,7F

Jao

SPRACEL1) ,PRACNILY o I=1,2)

cey Y[MD FISTCRY |h ZYIHTIST/

1€ ETTHS.LT.1.CR.KOLTCYLEC.03 €€ 1T N0
KePR=TAES (Kna )

JYHCLT(1 Yy =NKan

1TRPLTE 2=
[TRCUT (3 ) IvEN
1FHCLTCa=KCn Y1)
TTROLT{E)=KCOV(2)
FTHCLIIEY =ACC
ITEILTETI=NOD

CC 209 [=1,F
THCUT{ L )=°"pPTCT(1)
CC 200 1=1,4
THCLT(14E)-FPACRE(I}
TEOLIL13)=TIME
I$avt=

SET INCZICATCE FCF STIFFRFSES CHANGE

KST=C .
[F (WOZYN (17 ahEaCOY{1),CRCCCYX(Z)LNELKCCYLZX) KET=1

LPCATE INFCFVYATTICK IN CCMES

N FZ0 J=26,52
CCrH3 L) =CLlriy)
CrMS(E)=CONMLD)
CC¥SLI02)=COMiICT)
CC¥EC108)=C( M L04)

FETUSH - '

FFINT ac&g

FCRMAT (44F |+ ASUFRCUTINE QESPS STATL™ CCDC IMPCSEIELE
CaLL Fx1Y '

END

SLAFCUTINE FFFS9 (NS

CRMMid 2PTHISTY, IVI'E‘LWIIVEJpII‘CLlI;().l1l—F.lEA\-E,FFl THehST- ghF2,,[CC

RES

FeRyIXyAFLASIFES

rRES
FEG
FES
RES
REG
PLCS
FEO

ZB1C
2820
ZEZQ
2na0
28es0
ZBCC
2a7¢
2BEC
zp<0
2900
Z51¢C
2s20
253¢
2940
29s0
ZSeC
2976
ZSEC
2950
3eco
icic
2020
2pzc
2¢eC
2050
20¢€¢
2070
zoec
209¢C



AT

~OMNMAfA AR AA

‘N

AN~ AANAN

~

E A AR TAP AN AR Y A AR AR A AP A A A p A A AN A AR AT AN AR TR ERE [HO

THS

SHEAR YISLJIND FLEMFNT -= RFCRGANLZEC CLTBLT SLARCLIIND Tre
inG

CHARLSS PCECEN TS
THS

FEVI'EN SNCP ELTMERT € -- JLME 197¢ THS
THS

Mtk A A A A AN AR Gk AR DR gyt SR P A kA ARk AR BRIk AR TG
PECRGONT ZES TIME FICYCRY CLIELT, ECAN (IFNFRTS TF9
. THY
TF Ins.8T.1) G0 Y 20 . - Tes
- . Tre

FRPIAT 10, ITHCUTC1),ITHLUT{(3) THC
LE FCPMaT(1EMIFEELLTS FCO CRCLE, L3, TFS9
1 28k, TCAM FLEVENTS, SLEMERT KCuslassscx, ThS
z Sk TIME (4% AMNCDE , 3%, SkY [ELT 4 EXy 7FEENCING, 7X p,SHEFEAF ThG
N IR CHAYIAL g 17X, 2 HPLASTIC HINCE ROTATICRE/SK, THO
4 Sk »AX, 4k NC.i,3%, 5+ CCGCF6Xe7F MOMENT, 7X, SHFCFRCE, THG
5 TNy SHECRCE yUXa PRCLRAERT y8 K 3G HACC S PCS. 3%, 2HFCL. NEG.S) TrS
) . 1Y

20 PRINT 30, TICLICII ), ITHOUT(ED »ITHCLT(G),y (FCLTIT), 17 0,10,42),[1+CLTTHY
1C7), [THOLTOS) JCTHOUTO L) ,L=F,12,42) . Tr9
AN FCRYAT [L1HD T E, 18, 17,20, 3F12.2,37, 20 13.S/5K, 18,17,2X,3F12.2,2x,3THg
IF12.5) 1rS
1 L1SCeE0R.0Y GC TR 4C THS
WOTTE IRFT) TRCULTCLI3) oI THOUTCE ) L ITFCUT(d) , (THFCUT LT ) e I=1,L1y2) ¢ ITEDIHS
ILTEZ ) TTHOLTCE) G (THOLTLIY ,1=2415,2) The
an CORVINUE THS
Tro

FETUSN 19
LAC ThE
SLOROUTING STIEC {MSTEP,RNICF ,AIFFC,CCNE , Fr,CFAC) Te
P R Y S L L E L e AR A R T s R R E R N FY S SR TR R RS R L R L L L L L LD £
’ 574

SHTAG Y1ELCINC FLEMONY -- STIFFAFSS MOCIFICATICK FOLTINE S$TS
- 515
CHARLES RCLOTR . ’ ETG
sTS

REVISED FRCVN ELFMERT © —- FRLCRLARY 157€ - STS
5TS

et hatttodtabt At AR A AP AR AR Ml AR R R AR R P AR RN R VAR Dk RS PRI G TG

' 579

CONMOA ZINFIL/ INEN,CST,LMOE)JKCECH,FLyCMMA GEIRNALALZ € )KLy sST1¢
1 SK22,FKR12,05H EAL ERI1F ,EK22FECL4},HCOYX(2], 5T
2 KORY(21 PNTICTE2) ,SETETEZ, FYCT(2) FRYCT(2) ,SENFLA),5TS
3 SENR(A) yTERE(B ), TERM[A)FEACF (2),PRACN(2],PHEPL2), STS
4 SOACT(2) ,TNYCE L2} s NIRT (MU, RCUTDTLFRL2,FR21, ST
5 SKIL,SKZ2,8K1Z, 5K L=y z2H,RESTI(CED) 5Tg
COMYCR FWCRKS STE2 21 ,STT(2,23,ATK1B .2 ) 4ARI2,6)sPFL,AXK.FAC, 571¢
FFKIE,E).u(1925) 578

STy

DIMEMEICN COMIL},COMSON) FR{E, €} <. 5Ty
ECLIVOLENCELINMEM, CONCLDD . sT1S
sTC

SYIFFNESS FCRANULATICN, EFHAN FLEMERTS STS

S0
ecC
7C

Q0
100
11¢
120
170
140
150
1£C
170
1€EC
150
?n0
216
220
223¢
2an

2l

~

a

Ialal

10

15

o

»
I}

CC 12 J=3,3¢

COCME ) ~COMSE(Y)
o0 1S 1=%E,102
COMEIY=CCNSLT)

-

CUFRENT FLEXURAL STIFFMNESS, ELASTC-PLASTIC PART
CALL FSTFQ ([(ST,KLC2Y)
2Q5VIOLS STIFFMESSS

IF (NMETER,.LT.2) &GC TC 20
CALL FSTFS [S5TT.KCOYX}

STIFFNESS DIFFERTSNCE

OC 2C I=1,a4

STCIL1)=STCI, 1¥=8TT(T,1)

Call. WULTST (8,57, ATK,FKy6,2)
RSTURN

CPISINAL STICFRESS AT STEF 7€RC, EETA-C CCFFN AT STEP 1

FAC=1.

IT EMSTER.LEO. 1) FAC=DFAT
[C=(1l«* Sk INFAC

DC 4G [-1,4
STOI,1)=STEI,1)8CC

Call WULTST [8,ST,ATK,FK,6,2]
It LFAC.FZ.0.) GC TC 7¢C
EAL=FEAL*ag
AXK=EALACCEAR*2

FROT, LI=FKUET, 1)+AXK

FXUL 4)=FKRIL,4)=2%x
Fula,4)=FKla.a)sarxK
AKK=EAL®S INAB 2
FRID,2)=FK{2,2)+BXK
FHI?ySI=FKL 7, 1= AXK
Ex(T,5)=FRIS,T)¢ANK
AXK=EAL*STRA®CCSA
Fr{1,2)=FK(1,2)48x%K
EK(14S)=FK(1,3)~AXK

FRO? 44 )-FKL 2, 4)—AXK
FK{Q,S)=rK{4,8)4a¥k

IF (SC(1).5C.1.27aseF1C) G 7 &0
FCAI=ITSAPECLIIN-SINARER] )
EC4=STNABSCI2)-CCSA®ECt4)
AXK=CCSADFC2HSAL
Fuil,3)=FK{l,2)-AXK
FK2,4)=FR(J,a)+0xK
AXK_-SINASFECI®CTAL
FR(2yTI=FKE2,2) - AXK

FMf I, b=FK(I, FI+AXK
FRAZ,3)=FR(T, 3V 4EALRECTR D
AXKSCOSAPECE®EAL

579
=19
STS
-3 A=
5T¢
atTs
5T9
5719
5Y9
TS
ST9
579
STS
S8
57¢
s§T9
5189
STS
519
=79
579
sT19
579

sT19
SI<
sT%
£19
sTS
519
ETS
sT9
s19
5T¢
sT9
ST1<
575
519
s8TS

LR g
5T9
£1%
5T9

a30
4a0
450
460
arg

€10
€cC
630
€490
4%0
€60
€erc
L1
L]
700
Ti0
7z¢C
730
74¢C
I4=1:1
760
TTC
7e0
7S¢
aoo
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[N NalalaNaR s XaRalal

EQ

70

a0

90

Frll,e1=Fri{l1,6)-AxK 516
FKIA,EI=FKla, EI+ANK 5TG
AXK=SINASECA®TAL 512
FKIZ2yEN=FKI{?E}—AXK 5T%
FKIS,E)=FKIZ, E1enxK £19
FR13,6)sF K1, 6)+[CIETAEAL 518
FKIE,y€6)=FK{ &, €}+ECa%&22EaY 5T?
EBL=FAL/FaAC ) 519
DG 6C 1=1,6 STS
OO 60 Js1,¢ s1%
FREI,II=FR(T,3) 518
5T9

ACD CECMETHIC STIFFRESS s1%
5TS

IF (FS5TEPGEG.J.CR.KGECM.FO.C) GC 1C 1EC 5§19
BFL=¢CCME(45) -CCrE(aa J 1/ (2.3FL ) ETC
CC AC I=1,4 sTg
STI{I,11=PFL s14
oC 9¢ 1=1,12 5TS
ABI[,11=0. 518
AACL,1)==51TnRA £71¢
AA( hyE}=COSA 579
ARLZ,4)=5INA ST
AA(2,5)=-CCSA STG
I5 (EC(1)1.EQ.1.27a5S6518) GC TC LacC =149
An(1,3)=SINAKREC(I}+CCSAREC(]) 5715
AR{ 24 E}=-SINAPFC(4)-(CASEC(2) 519
sTe

CALL NULTSY (88, ST, ATK FFK,6,2) sT¢
CC 110 l=1.2€ ! 51s
FRET,11=FKE1, LY +FFK(T,1) S5T%
5TS

FETURN &1y
STG

END 519
SUBRCUTIRE INEL9 (KCCRT,FCONT NCCF, NINFC, TG, X%, NN} INS
IND

ERLELER AL LR SR AT SRR EEARRRERELYRRTIRER R EE RS F PRI L LR Bt re o]
INT

SFEAR YIELDING ELEMERY —- [NPLY SUERUUYIRE Ine
INS

CHARLES ROESER INg
} . INS
REVISED FRCM ELEMFRT 5§ -- JUNE 1976 INT
. i 1NG

K R A AN AR A YA A AN PP ANI AR AN I AR ARG AINIPAIA IR NRAAR R ARE (NG
COMMON ZFINFSL/ TMENKST,LMI6) JKGETN 4FL,CCSASINALAIR,6),EKLT, 1NG
1 EKZ22,EK12,PSHyEAL ,EK YL, ELZZH ,ECL 4}, ,KCDYXLL2), RS
2 KCDY [2)EFTET (20 4SFTCTI2),FTCT(2 ), PRTCT (2}, SENPIAY, INS
3 SENNUB) yTENPL @), TERRL E) ,PRACP(2) ,PRACK(2) ,BMER(2), INS
4 SCACT(3),CMY 12,23, ACC1,NCCJ,KCUTDT,F&I7,PR21, INS
5 SK11+5K22,5KL2,5K11H,5K22F,VP({ 2} FEST(96) ing
COMMCR SWORK/ SFF(S),5SFF(B),DD[E),GALE,€) FFEF(£),TT1E),KSFL2)1, LNS
1 . FIYFI60 101 ¢FEF (50,7 )eKIFEFISD 1,FINLTI4S,6)¢ECCIIE, a1 INS
PAIMMYLTZE, 2) m{2CE) ML

CUMNCRSTHISTS nl-cuTuD),\PCUY(20l,ITFD-ISAVE,h[LTF,hFIH,NF‘),[S’E ING

A RaNsNal

A~y

~

7C

- 169
CINEASICH NCORTITI ICEAN L} %01 ), Y1), CCML1),AST(2),YESNC(2) INS
EQOUIVALCNCE | IMEN CCML11) Ing
CAaTa ASTZ2F  ,2F 2%/ ING
OBTA YESKO/4H YEC,ak KD J INg

) [N

. ING
TA1A INPLT, BEAM CCLUMN ELEMERTE InG
1hS

NDCF =6 149
MINFC- 104 I8
KCOH=KCORT 1) ING
MMEM=KCONTL Z ) 1]
MNET=KCCAT (F) LAS
NELCEKECRTL A} NG
MNEURF=KCCNT{S) ing
RFET =KIChTLE) ' ING
MNINT=KCCRYL 7} - 1nG
FRIRT 10, (KCCAT{I),01=2,7) ThS

LC FOYMAT(22H PEAY FLENMENTE (VYFE Slrrrs InG
1 Iar NQ. CF ELEMENTS =L1as 1he
2 14k RC. TF STIFFRESS TYPES =Tars INS
3 lar NO. CF FCCENTRICITY TYFES =14/ 1hG
4 J4F pC, CF YIELT MCMENT TYFES =lars RS
H I4H RC. CF FIASC AT FCRCE FATTEFANS =1a/ INS
[ dar N, BF INTTIAL FORCE PAYICRAC =14 IS

INE
IN"UT STIFFNESS FROPEIT]IES 1N
InS
FRINT 70 . ING

20 FCRMAT (r///1€F STIFFNCSS TYDESH/ INS
1 EH O TYFE,3%y 7 YOULRCT AR IFFAPCERINC,EX, 7F EEAM 32,8+ FLARCE IN9
2 ' 1k L3X,CF FLANGE AN, IHWEB AX,2€FFLEXURAL STISFARESS FACTCRS, ING
3 GX ,7EOCTESCN/ _LKS
qQ S RCe e dX,THWMCEULUS (3%, CF  RATIC  44X,7F CEPTH , 3%, 8FTHICKNESING
s IFE, 2%, 3H  WICTE  ,Ex , CHTFICKRESS 1%, 55 11 ! JJ 1hS
[3 k1] 4SK.TF FATIC £} ING
£y 2C h=1,~wA1 INS
REAT 40, T,UtTYFLhydYypd=1,1D] 1K
FOINT 50, RAFTYFIR,3),J=1,1¢C) ING
FLRVAT (1S,LFI0.CyIFS.a0,4/7,F1Ca0) 189
FCOMAT (18.,E11.4,F12.4,4F12.3,1%,2F10.3,F11.2) INS

InQ
IRFUT ENC “FCFRTRICITIESS 1N
NG
F (NECC.ED.01 6C TG 1CC INS
FRINT EQ INS

60 FORMAT(////723F AN SCCERMTRICITY 1YVCE3ZS InS
1 SE TYOF 6Ky PEFFCSIZENTAL ECCERTRICITIES, S, 1hS
z 2R VERTICAL FCRENTSICITEES » ING,
3 Sk NC ., 8%,75F END I ERD U 45X, INT
4 2sr ErG 1 ENE . ) e
CC 76 N=14NTCC INS
DEBE ARy 1, {FCTIN,J), 021,40 13N
PRINT 66, R CECTIN,J)d=0,4) ING
FLSVMAT (IS aF134€) 1h9

650

7a0

770
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AAA

aEaNal

90 FORYAT [14,2(F 1S.2,F1Gec lX])
YISLC MOCMENRT TYFES T
190 FRIAT 117

110 FCRMAT(//7/1GF YIFLD MCWFRT VYPES// . .
SRy RAETOSITIVE pSX , BFREGATIVE , 30, SHSHE AR/

[} S5+ YIvyas

2 SH  NCasSX28F MONMERT LSX,BF RCNERT ,7Xx,5krifLCr)
OC 140 N=t,NSLOF '

ELAZ 120y 1, BNFYIR,1}4BNNY IR, 2} ENMYIN,D)

PRINT 130, N,2AMY(N, ), 2WNY(h,2) ,ERNY(h,])
129 FCRMAT [15,5%,251N0,9,40X,F1C.0)
12C FCRMAT (T3,3F12.2)
140 ENMYIN,2)=-AS(EN¥NYIN,Z)}

FIXED FNO FORCE QATTERNS

IF (RFEF.EC.Q) SC TC t9C
PR INT 150
\En ECGwAT(s///725F FIXEL ENC FCECE PATTEQNS/Z
1 AP DATTCAN g 3X,8HAKI S, 72X, SHARIBL 47X gSESHEAR,EX yEFNCMERT,
2 TR, SPFARIAL, 7X. SHEFEAR, £X, EHNCMERT , € X , EHLL - PED ./
2 an Rie o 3X,4RCERG,7X,5FAT |, 7X,5FAT  1,€%,6F AV 1 ,
3 TRLSHAT U, 7HaSHAT U, €X,th AT J 5X,8H FACILE /)
SC 1€9 R=1,NEFF
READ 17C, [,K3FECCRY L UFEEIN,d) yJ=1,7)
160 OPINT 190, N.KCSEF(NFL(FAFIN,J) yu=1,7)
17C FCRNAT {(215,7F10.0)
180 FORMAT (1S¢IG,F13a2,5F12a7,FLlZa2}

INFTTAL FCRCY 2ATTEQANS
LSO IF (NIAY,FC,0) GE YL 26C

FQ INT 700
200 FORNAT.L//7/28+F INITIAL ERD FCRCE PATTEENS //

1. EF PATTFAN,7X,SHAXNIAL y7 X ySHSFEAR yEXpEFRTNTRT, IX gSHAX AL 4

2 TR, SFS+rEAD BN, EPFCMERT F

3 an NGe 47X, SHAT 17X SH&T

| T TRySHAT  J,EX,EF AT J 71

GC 210 K=1,AIAT

PEAR F£20, Ly (FINIT{N,d),.=1,6)
210 SOINT 230, AJ{FIRIT(NR.J),0=1,8)
22¢ FCONAT (15,6F10.0)
322 FCFEMBAY (IS+7X,&F12.2)

1,6X,€F AT T [ TX,SFAT O,

FLEMENT S2o-CIrICATICMN

24C PRINT 25C
250 FCCMaT (/s /7727 ELEMENT SPECIFICATICA/,

1cr L LL

INS
InS
NS
Ing
ING
NG
NG
INS
1h9
INS
IN®
189
NG
AT
INS
ing
Ing
1NS
Ine
1:§
ING
ING
INS
IN9
INS
ING
189
INS
189
INS
1ING
ING
INS
1Mn9
ING
ING
InG
INS
INS
185
In
InG
INT
189
ING
Ny
I'ne
INS
185

IXAHELEN, 3% 4 HNCEE ;2% ) arRCCE, X AFAIDE, 2Xy aHSTIF, 2¥, 8FEFCYING

1
2 WEXGIAFYEELD  MCMERTC piX 4-CECNH 42K 2FTIME, AR, 1nG
3 12FFEF PATTEANS, 3%, \TFFEF SCALE FACTCPRS,2x, Ing
] LEH TRITIAL FEFRCES / ING
I IX. a4k NCau X,k | L22,4%  J 27 aRDIFF, 2%, 4TYRE,22,3FTYFEING
& +2X L8 ERC I ERC J 52K abFSTIF,2R,atE15T,3%, ING
7o ER R R GCL LL 3K, Ine

780
790
BCC

e2a
830
240
rEC
8&0
arc
ago
890
eceC
Q10
s2a
920
9an
StC
9€0
Ly
Qean
%00
1CCC
1010
162a
1030
10a0
105¢C
1060
107¢
1080
1090
Licc
1110
1120
1130
L1ag
L1EC
11&0
117¢
1180
116¢
12CC
1210
122q
1220

1240 .

12<c
12&0
127¢c
1260
126¢
12¢cC
1310
12120
1329

e L7TF AC.  SCALE FAC.s)
_ CC 260 a=32,AR
2¢C COM(J)=0.
RCCYX(1)=0
KCCYx(2)=0
KOQDY(1)=0
KECY(Z)=0.
KsisC

IVENM=1
273 RFAN 280,
1IKFDL, IKFLL,,FFCOLFFLL, [IMIT,FFINIT
20C FLHNAY {121C,2FSaCy15%,F5a0)

IF {IREL.GT.1MEW) GC TC 32C
290 ACaI=INCAI .

ANCDu=1hCDJ

INC=1INC

IF (IRCLEC.Q) TAC=1

IPRT-TIMBT

TFCC=1IFCC

KSFI=IkSFT

KSF J= [KS5FJ

KOGECY=IRCM

KCLTGT=IKDTY

YRG=YFSNC(?)

IF {(<GFCN.KRE.Q) YAG=YESAKCILL}

YRT=YESNCL Z}

IF (KCUTLT RE ) YWT=¥EFSKRC(L)

KFDL=TKFDL

KFLL= IKFLL

FCL=FFOL

FLLMsFFLL

FLLF=1.

IF (4FLL.EC.N) GC TC 30C

FLLF=FFF (IKFLL, 7}

I7 (FLLF.,EC.,0.Y FLLF=1.E-b
30C INIT=LINET .

FINT=FFINIY

ASYT_ASTLL)

1F [INELARF.NMEM) Z27¢,d2C

319 NOOI=NONT¢INC
RCDJa=hCT e INC
ASTT=AST(2)

INEC ) INOO Iy INTOJe LIKC, I [MBT,TIFCC,IKSFL, INSFJ,IKGV, IKDT,

INS
Ing
INS
ING
NG
INS
ThG
INS
ING
189
ING
.Y
NG
ING
jEN-]
ING
RO
INS
1N
LAg
ING
1nG
INY
ING
[N
INS
ING
ING
NG
IN9
INS
ING
INS
1n9
Lng
NS
InG
INS
IND
1S
1NG
ThG
ING
IhG
Ina
ING
189

3127 ESIAT 330, ASTY, IMEN ACTI,NCCJp IRy kWET, TECCoKSF 14 RSFJ, YNG, YNT KFDLNS

ILyKFLL pFOL L FLLY, INTT,FINT
3D FCAMAT (82,08, 17,8 16,207 S0y 88, 2N A0, 17,16, FLta2,F1Ce2417,Fl1a2)
IARLTLALTZE SHESP STIFFRESS FROPERTEES
5K11=0.0
cK12:0.0
SK27=0.0
EX11+=0.Q
SKIPH=0.0

IND
Ins
1N9
Ing
1N
1N9
NS
INS

12480
1350
13€0
13740
13e0
1390
1800
1410
142C
1430
144C
1450
1460
187¢
1280
149C
150D
1510
1520
1830
154¢€
1550
1£€0
1570
1580
1550
1600
1€14
1620
1630
1€4C
1650
1EEC
1670
1&6AD0
165¢C
1700
1710
1720
1730
174¢C
1750
17€0
1770
17€EN
175¢
LHOD
1810
1820
1830
18a¢
1as0
LEEQ
1870
1860
V€50



[alaNal

VFI(14=999999.7 -
vR{2)=—VvRL1)

CCLNT hUMEEQ CF ELENERT V[N FISTCFIES

3a0

350

TEACL=F1YT(IN

IF (KCUTCTap®a0) RELTH=NELTHIL
LCCATICN MATRILX

TO 34 J=1,2
L¥{I)=1C{NCCT, I)
LMIL+2)=TO(NCD 4,1
CALL EANEC
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C=FTYE(INST 3 ]1-FTYR (THET, 49

TF=FIYPLINGT a) -

F=FTY¥P{INET,G}
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INPUT‘INSTRUCTIONS

APPENDIX D

INPUT FORMAT AND FORTRAN LISTING FOR
POST BUCKLING TRUSS ELEMENT

A.

The number of words of information per element = 52.

CONTROL INFORMATION FOR GROUP (415) - ONE CARD.

Columns

6 - 10:
11 - 15:
16 - 20:

h:

Punch 7 {to indicate that the group consists of
the post buckling e1ements)

Number of e]ements in group

Number of different e]ement st1ffness types
(max. 40).

- Number of different fixed end force patterns

(max. 40).

STIFENESS TYPES (I5,7F10.0/,7F10.0) - TWO CARDS PER STIFFNESS TYPE

{see Fig. D1).
CARD 1

CARD 2

16
26
36
46
56
66

11

21

15:
25:
35:
45:
‘55:
65:
75:

10:
20:

30:

Stiffness number.

Young's modulus of elasticity.

Cross sectional area..

Yield stress (yields only in tension),

Buckling load - Pcr

Displacement coordihate - Ul‘

Displacement coordinate - UB;

Post buckling load - POSTBL.

Force coordinate Fi‘

'S]ope of zane 5 as a proportion of eTast1c zZone
-1 slope.

.Slope of zone 8 as a proportlon of elastic zone

1 slope.
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- 31
41
5T
61
71

FIXED END FORCE PATTERNS (215,4F10.0) - OHE CARD FOR EACH FIXED END
FORCE PATTERN. ' : -

40
50:
60:
70:
30:

Zone 6 pivotal point force coordinate F6'

Zone 7 pivotal point fbrce coordinate F7.

Zone 6 pivotal point dispiacement coordinate U6‘
Zone 7 pivotal point dfsp]acement-coordinate Us.

Buckiing load - PCRF - for later cycles after
permanently kinked.

o

Omit if there are no fixed end forces. See Fig. Bl1.5.

Columns 1

11
21
31
a1

5:
10:

20:
30:
40:
50:

Pattern number, in sequence beginning with 1.
Axis code, as follows.

0: Forces are-in the element coordinate
system, as in Fig. B1.5a.

Code

i

Code = 1: Forces are in the gicbal coordinate
system, as in Fig. -B1.5b.

Clamping force Fi'
Clamping force Vi‘
Clamping force F

j'.
Clamping force Vj'

ELEMENT GENERATION COMMANDS (915,2F5.0,F10.0) - ONE CARD FOR EACH

GENERATION COMMAND.

Elements must be specified in increasing numerical order. Cards for
the first and last elements must be.included. See NOTE 7 for
explanation of generation procedure.

Columns 1

11
16

21

5:

10:
15:
20:

25:

Eiement number, dr humber of first element in a
sequentially numbered series of elements to be
generated by this command.

Node number at element end 1.

Node number at element ehd J-

Node number increment for element generation.

If zero or blank, assumed to be equal to 1.

Stiffness type number.
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30: Code for including geometric stiffress. Punch 1
if geometric stiffness is to be included. Leave
blank or punch zero. if geometric stiffness is to. -
be ignored,

- _ 36: Time history output code. If a time history of
. element results is not required for the elements
covered by this command, punch zero or leave’
blank. If a time history printout, at the
intervals specified on card D1, is requ1red
punch 1. ; :

36 - 40: Fixed end force pattern number for static dead
Toads on element. Leave blank if there are no
dead loads. See note below.

41 - 45: Fixed end force pattern number for static live
Toads on element. Leave blank if there are no
Tive Toads.

46 - 50: Scale factor to be applied to fixed end forces
due to static dead 1oads. Leave blank if there
are no dead loads,

51 - 55: Scale factor to be applied to fixed end forces. -
due to static live loads. Leave blank if there
are no live Toads. : :

56 - 65: Initial axial force on element, tension poSitivé.
Note: If the static load code, Card Cl1, is zero but fixed end forces .
are still specified for some elements, an inconsistency results.
In effect, any such fixed end forces will be treated as initial
element forces.

NOTES ON THE PHILOSOPHY BEHIND THE ELEMENT

1. This element is a model of brace béhavi9r which permﬁts the
user to describe the inelastic hehavior. The behavfor may be'fouﬁd by l
a theory of brace behavior, by judgment, or by exberimenté1 results.
The 1nput parameters are described in F1g D1. The general zoné]
behav1or is descrlbed in Fig. D2. F1gure D3 shows the procedure used
in the deterioration in buckling load.

2. 1In a given time steﬁ the brace must lengthen, shorten, or
remain unchanged. ”It is not possible to lengthen durfng part of the

step and shorten ddring the rest of the step. Thisfmeans that the
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brace must continue to Tengthen or shorten during a time step, or it
may reQerse itself. There are no other possibilities.

3. Zones 1, 6, and 7 are elastic zones. The brace can reverse
itself on these zones.

4, Zones 3, 4, 5, and 8 are plastic zones, “Thus, the brace must
enter zones 6 or 7 when reversing from these plastic zones.

57 Zone 2 is also an inelastic zone. The brace can reverse from
this zone onfy by entering zone 1.

b.- Zone 9 is an ine1éstic zone. However, when zone 9 is reached
the braée is nearly straight, Therefore, it would be unrealistic to
reverse on to zone 7 from any point on zone 9. As a result partial
reversal is permitted on zone 9. Zone 9 may unload until a critical
force level is reached and then unloading progresseé along zone 7. This

"is slightly different from the Nilforoushaﬁ approach. He creates a new
zdne which is parallel to zone Tuntil Reld = 0.0 and he then progresses
along zone 7. The difference between these two/methods is relatively
minor, because metal braces have relatively high axial stiffness. Thusr
the stiffness of zone 9 is qujte similar to the stiffness of zone 1, and
the dissipated energy between zones 9 and 1 is trivial. There is no
theoretical basis for either approach; they are based on judgment.

This approach could easily be changed in the progfam. '

7. Zone 6 may pass directly td zone 1 if jt“intersects'zone 1 before
it‘intersects zone 7._ Zone 7 may pass directly to zone 1 if it inter-
sects 1 before it reaches zone 8. This is another minor difference from
the Nilforoushan hode1. He requires.the brace to phase through zone 9
when going from 7 to 1. The difference 1§'minor'because this new zone

'9 will be of very high stiffness.
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ARAMAMAARNNAArNAARARANAANARORAARRARNANAN

SUBRCUYIRE RESP7 (NCCF,hNINFC,KPAL KPR, (CMS,CCISM, DD, TINE,
YELM,CFAC,PELTAS B
CCMMCR JINFELY IMEM KST LM{4),KCECN . EALED ,EALE,FLCCSA,S1RA,
RIGE 4 NOD 405 ,CR,PYP, F&,UE,F7 U7, JFIST,

PN -

1FUT, STHIST,TSTR,ASTA, L1, LA FCSTOL .FCF ,LELD, PCLD,
CCLC,FIPRM, UNEW, PNEW PFL, CF,CORET ,KCLTDY,RESTL10)

PCPM,SCFC,RENM[1aE)

COMMCN /WORK/ EAL,CEL,DSE™,DSRL,FAC ,FACTCR,FACACC,CSLR,FCUTL1692)
COPMEN ATRLETAETFCUTILO ) (THCUT (200, ITHF ISAVE,NEL T+ RSTF,NF 7, 1SE

CIMENSICN COMOT) COMSULE DDIEMEL) DD Y,vELRLL}
EGUIVALERNCE (IMENM,CCM(1))
EQUIVALERCSE (TCLC,IFIET)

PE7
RET
RE7
RE?
RET
+RET
RE
RET
RE7
nET
RE?
RE?

Q10#90@'!9'#EU‘V##C#".!B-'I."‘I‘l"ﬁ'l..ll-Iﬂ.ﬂl’l.‘t‘.*#‘ilt".tipf’

FCS5T BUCKLING TRLES ELEMERT ~- STATE CETEFMINATIGH

CHARLES RCEDER

REVISEC CETCAER 30 ., 1676

RPE?
RET
RE7?
RE?
FET
RE ¢
RET

L T T L T e Y ]

EALE = C.A 7 L
FL = LENGTH

€t - SLCEE CF 2CKE 5

CA = %LGCPT OF ZOWNF =

{ub,FB) = CCCRCIMATFS CF ZCNE € INTERPSECTICH PCINT

LU7,F7) = CCOODINATES CF Z2CAE 7 IMTEFSZCTICKR POINT

1r-fST = JOLD= ZCNE FOR LAST 1[ME SYER

1FUT = ELCME SCR MFXT TIME S5TEP .

SYHIST = ACCUMULATED TERSILS ELCNGATION AY TINE T

TSTR = ELORCATICA aY YIELO 2 (PYP L) /7 (A E)

ESTR = .FLORGATICA AT FIFST SUCKLING = [BCR L)Y 2 {A E)

UL = SLONSATION AT COMPRESSIVE INSVAPILITY

(U8, PCSTALY = CCCRDINATES FCF INTEFSECTICN CF ZONFS & ANC S
unL"} = OLD FLONGATEICMN ‘

LREW * MNEW FLONCATICHN

CF = AXIAL STIFFRCSE CF NExT TINE SYE®

AELD = AXIAL ®LACE FOR LAST ¥FIME <IEP

FREw = AXTAL FCFCE FCE KEXT TIME STFE

€OLTY = AXIAL STIFFNSSS LF LAST TINE SYCE

LIk = AxiaL FORCT 1F THE PRACE REMAINS CN. THE ORESENT ZONF

DV = CHANGE IN LENGTY CF THE ERACE In TrE LAST TINE STES

SU = CORMECTINN NECESSARY TC ACCOULNT FCP ZCRE CHARGC

©2ERC, FCR, FRC, CRF, BEL - WCAK WARLAELFS -- THEY -AVE NO
UNLOLE MEANIAG

IRTYIALIZE VALUES

3C 1€ (=1 pLINFC

COMiL}=Comsil)

KST=C

ICLN= IFLT

FCLC=FNEW

LOLN=2LAF S

CLCLO=CF

CSUB=0.0

IF (IMEV.EG.l) IKFFN=C

CITERNINE EXTENG ICK [INCREMENT CF E4R

PE?
RET
RE?
RET
RE7
PE?
RE?
RE?Z
®E7
FET
RE7
RE?
PE7
RFET
RE?
RE?
RE?
PE?
RET

RE7

et
nc7
PET
_RE?
FE7
FE?
FET
PET
RET
PE7
RET

RET7 |
RE7

PET
FET

2EC

27¢C
200

iz
250
Aso
Jec
are
380
Ice
90¢Q
ara
agg
430
anp
a50
aeo0
a?l
480
atg
soo
10
sz¢

SEQ

53

70

sC

95

s6

S5

a7

FF IR IMNWLEL03.0) RO TC 12

OV=CroAe(IDISNEAT-D01 S 1D} ETTRAR(CCISWN(aI-CCISNH{2)) RET
LNEW=UNEw+CvV RHE T
SULN:PRI - Wi —F*Ty RET
HELC=UNFuW-STr IS8T FEY
CETERVMINE NEw ZOAE FRCN LLE ZOAE RET
GO TP (SCeS0s 7€) R0y ST, ICC, LIC,hZC,132C), THIST RET
[CLC - 1 CF 2 RE r
[F {QCLD.LGL.TSTE) &C 1O 22¢ FE7
iF (FELD.CR,=87RY COL TO ZIC RE7
IT tSCLD.GE.UE) CC TC 230 RE?
IF (RFL 7467 4U1) G T0 2ac RE7
6L T 2s¢ RE !
1cLn = = RET
1= {UNFW. ST, UCLD) G0 TG €S RE?
1F (RSLD.CE.LE) T TC ?3rC RE7
IF (QELD.GEWUL) 5T TC F4C _FE?
¢C TC 289 ; LES]
1ICLD = 4 RFT
1F {UNEW.CT.WELE) G TC 55 RE7
I (FELD,GE.UL) ¢C TC 240 REY
[Tl 44 B-LY RET .
1oz - 5 Rer
1F CUNEW.GT.UCLD)Y SC 1C €5 - EET
e T Fép : RET
CHECK TO SEE I1F SPACE 'AEMATMS {r ZCME € CF CIRECTLY TE€ 1 OF THRL 7RE7,
ERAC™ IS LENTTIHANING FRON ZUNES 2, 4, T, €, CR T ' RE?
LF {FFLD.CGE,TeTE) CC TC 220 RE T
OEL=L-PULD/(F£-FILT)IR2(L=4CVv—RELD) RET
EZFAaC=uCLn+GrL RE?Z
FCR:=PFLOESALE - ' RE7
FAC=POL I4OVIFELILELSTRIST-PIFGL) RET
1F LIE2SRC.CESTRIST) JANT L [FCRLGELFRCY ¢ TC 21¢ RET
IF (NDEL.GT.DV) &M TC 25C° : FET
FrAMAT (SERGT*awAPNINCA*3 ALESTICNARLE ZLAE CMARGF CHECK INPLT CATHE?
1a ) . ' HET
CFECK TC SF= 15 PRACF STCPS INM ZONE 7 (R GLCES Ch "C L, K, RET
FRC=(UREW-F2FREI4F7/(STHIST-P2EAD+LT) YET
FCP=(RFLD-L1}*CPer 1PPH PET
IF {{PELL.LT«CW0) cANSLIFRCLCELFCRIL 0 TC ZEC RET .
FrazFirey-L1xca RE?
CRF= F7%(1STRIST-PZEIC) FUSTHISI-FIEFT+L7)] RE7
1F ((CFF.CEFCR) LANCLEFELD,.CT.G.G)) CC TC 2S0 RE 7
FrR=QELD*EALE RE?
I (FEC.LE.FCS) CC TC 217 RE?7
Gt TC o27¢ RE?
9L = € RET
IF ({UREW.SE.UCLC)I.ARC.{SLIN.LE.0.C)) CC TC 1€ FE7Z
IF {LAFW.GL.UCLDY 53 TC S5 rE?
F7EC=UCLC—FCLE/CF=STHIST FE?
Ge ¢ 13£ RET
EALT=SL IN/FALE - FET7
IF (EELC.CE.EALL) GC TC 21D RE?
GT TC 2EQ RET
icLss = 7 RET
FZEAC - YCLo~(PILG/CFI=5THIST RE?

RET

cro
2EC
Se¢
&£00
€1C
620
‘erc
€ag
550
EEC
o7¢
EEC

7%C
eoo
E1Q
a20
2o
FoC .
H50.
FED
g0
rRO
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oMo AN AMA

[

IF {RELO,GPLTETRY 6L TC
17 {UNEw.LZ.uCLD) GC T1C
FIERC=F2FRZ+STH1ISY

G TC <7

fcee - n

FRC=FALCSETLD

1¥ (BELD.CT.T5T0) GC TO

fEC

IF LE=LD.CC.9%«%) CC TC 290

' O(UNF W,

IF (LNEW.5
¢nove 112
[ °?

ZIONF & 15 AN INALASTIC ICAE.
STRAICHT WHFEN 1T FNJI-HS ZCAE 2.
REALLISTIC TC FEVESSE CIRFOTLY Ch TC
PONF Sa FOR FXAYILE, 18 POLD

fCL7) oC 10 280
FZERC=-UCLD <YFIST—(DT‘LF)'( STHISTsUZ?~UCLE)) Z/(F7-PCLND)
agerC) CC TC 2740 -

UMPEZLISTIC ASSeaTIVE SLLFE

DFRAVMITTING PRVERSAL TN
INTEESECTICN WITH ZENE @

Ir (SLINLCF ., ay2) GC Q220

FRE=FIPEM=CA*UL
FCR=C,T0t<7
LF (FRC .. &£ CP) $CR=-4C

Te LUSLINALFLFCRF  ANZLIUNEW LT WWCL D) ARC{SLIKLELFRC)) GC TO L
TEC T 2G50

LEL=(FCLO=FCF 1/ CF

BZERC-UCLD-DEL -FCE¥ (STHIST+UT-ULLC+CEL VA (F7-FCR 35— AT+ ST
TIF (|ELN.GT.W2ZERM) GG Yo 270

EfAZE 15 COMORESSING Ch TE ZCAE & ANC RCSSILY
ARACE [§ SHOQTTNING FR0M ZCRES
FOP=4FE/{UB-"72500 1) 4| AELT=DZEAG)

FRO=COSTRL+CE*LRFLT -V
It LFC2 0T &Y &0 TG 2E

C

IF (SELD,LE.ul) CC TC 2SO

IF LIRFLDAT .U AR W IFCRALYAPIKD)
FROZFCSTRLA{RFLC-UL JR(ICO-SCSTEL I/ {LOB~L 1)
1F LURELD.GE.LI)Y AND. (FEIRaLEZFRC) )

{0 ¥C €0

GU TC KRSw ZCHE ANC CETERMINE SU

Muf =t

1FUT=1

CFzEALE

15 41T .ECal ) FUS0.0

IF (1CL2.hT.1 ) SU=SLIN-FRELC*CALL

Gr TO 2=

ruy = 2

TFL T2

CF-0.0

CIHISTSURNEW-3 578

JE AInLD.5C.2) fu-C.C

If CICLC«NFa2F SUSSLIN-DYO

nC T¢ 350

LFSS THAN (a5 F7 aNT
THFE ETIFFREES Falwm

a

28,0k

ICKRE 7 FFCM JUST ANY PCIAY CN
GACAIER THAN F7 R
WOULL RESULT.
ICKE Q@ LNTIL F §S
Tr1S witl PREVERT
EETING MEGATIVF CF FHCESTIVELY SNALL WHEN THE ERACE
TRIGFT . 1T 15 AN AHPTIQARY CECISICN AND C4A BE CHARGED PRY
CHARSING THEC TWC CAFCE AFTES STRTEwERY

THE

>

RE T
GET
FC?
FET
RE?
RE?
wET
RE?
RET
RE7?
RE?T
RETY

RE?

112
1140

1t=o
1160
1L70
118C
1190
12cq
12to
1220
123¢
L240

128¢C
12€0
1270
12FC
1250
LIca
13
1320

122¢
1380

PE ¢
£E?

SFET

BEY
rg?
REZ
154
RE 7
REY
RET
RE7
RET
RE 7
RET
RE?
RET
FEr
RET
®E7
RET
Re?
FE7
BET
RE7
PET
RET

12e0
1270
12EC
1390
lace
1310
azo
142¢
Le4n
145¢C
1960
1470

1aac .

tago
(R H
1510
1520
1=2¢C
1540
1E5C

1560

1=71
LS€C
1550
1€GC
1510
1620
1¢2¢C
1haQ
[ =1
16¢0
1679
[ R+

240

2rRe

IFuT = 3

IrLT="

CF=0.0

IF (ICLD.EL.3) SL=0.0

IF (IOLD NEL ) SuL=cLIN-PCR

¢ SC 333
IFLT = a
TFUT-4

1IF 11CLO.hES4)
CF=(ACA-=D5TaL s/ (LB-U1])
I (ICLC.EC.4a) SU=2.0

1F CIFLN.REC8) “L=SLIR=CF*(FELG-LLI=-FCSTFL

cC vC 350
IFLT = S
IFLT=5
c==Cs

1IF (ITLDTGas) “U=Ca0

IF (ICLD.NFe5) SL=5LIN={RELC-L1]I®(S—RPCETEL

o TC 250
IFLY = F
regT._g

IF (INLD.GEL7?) SL=CSLIM=FCR

IF LICL3.5C.6) SL=0.0

IF (ITLDaLE+5 ) "UsSLIBA-((FE-PCLC Y/ ({STHIST *UE-UCLETELIV)—PCLD

cC TO 2o

IFuUr = 7

IFLT=7

IF (ICLD.ECLIY DPRINT G6
IF (1CLD4CC+7 ) “L=0.0

IF (IOLD.ED.58) SL=SLIK~(S7-FOLDISCVAIL243THIST-UCLE)-FCLD
IF {1CLC.EL4T) SU=SLIN-FOHH{FTV{LVICFL) /I LT4STRIST-PZERC))
{F (ICLN.LE.S) SU=SLINRSIFTA{IV-CEL)Z (L7 +STRIST-PIKRC)]

IF {ICLD.AT.&) GC TC 25¢

FZSAC=UCLEs1{rCL e/ (SCLE-SLIND V)

%

SUZSL!N—(UNEw'DfFPFIE(FTIlSYFISTOL?—DIFBEF)

G TC 250

TFLT = &

LFUT=n

1F {(ICLD.LE.&) FFINT 96
CF=-CH

IF (ICLD<EG+3) SU=2.9

IF {ICLD.KE,R) SL-SLIN+CASIUI-RELC)-FIFFRN

cCc vooreEg

IFLY - 9

ITLT=¢

IF {ICLC.LT.4) 3BINT Q5

Cr=[2YP-FIFRN+{LITC2II/TETR

1I¥ 110LD.E7."? L =0G.C

IF {ICLD.RE-T}) SU=SLIR-(EYF-FIRRMIUYIOCE JFtUNFW-STHI=T)/TSTO—

I+ IPRM-CFA" L1
cC Tt 3sh
ThReRs SLIA-SL
SFy = SnER
I1F (ICLD.EC.1FUT) &GO TC
(PR VL RN V]
X5T=1

‘.

RE?
RET
RET
RE7
RE7
RE?
RET
RET
RE?
PET?
RE ?
RET
RE7
RE?
RE?
RE?
RE?
RET
AE7
RF?
RE?
RE?
RE?
RE7
RE7
FE?
RE 7
RET
RE?
RE?
RE?
RET?
RE?
PET?
RE?T
RE?
EE?
RET
RE?
RET
RET
RET
RE7
RE7
RET
RE?
RE?
HET
RE?
RET
FE?
RE?
EET
FE?
GEeT
RE?

1€50
17CC
1710
172¢C
1730
1760
t?EC
1760
1?72¢C
1780

‘150

180¢C
1810
iezq
1820
I1BaC
1BSC

‘1os0

187¢
1880
Lesc
15¢6¢
1910
1520
1930
1940
155¢
1960
157¢
1980
1990
zcce
2010 .
ze2¢
2030
2060
20%¢
rO60
207¢
2080
2760
zice
2110
z12¢
2130
2140
el=C
2160
Z17C
2100
2190
cece
2219
e2reC
2230
22040
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ava
]
2
3
5

/EC

4 &3
4490

KEAL = 1
CEFCRNAT ICh RATE fCF CANFIANG

[F (DFAC.EC.0.0.AND.DELTALEN.D.O) GEC TC ap@
IF (VIMELEC.0.L) CO TC 450

wEaL=1

DV—CCEAOIVELH(J]-VELV(IIl'?!hl°(VEL“(Ql—VEL*12),

BETA - 0 CANPINC FCRCE

1F (DFAC.LC.0.C) CM TC 39¢C
CSURCLSURCCFACSEALE®CY

cTILCTLRAL JAMPING FORCE

1IF LDELTA.EQ.0.0) €0 TC agao
CSL=CELTA4SIGRLASS (SLIN), OV}
04U8=DSUB-DSL +SCFC

SCFC=C5L

CNRALAACEC LOAD VECTCR . .
IF [KBEaL,E0.0) GC TC a5S¢C
CCI3)=CSUE*CCSA

OD(a)=DsuRdsINa °

tcti)=-co(

€2(2)=-0n(4]

PRINT TIME HISTORY

1SAVE=0 -

IF {KPA.LT.0) GN IC &75

If (KOR.EC.D.0R.RCUTDY.EC.IDY 36 TC <2Zf
IF (1THP.GT«1) GC TE 490 .
[F (IFED.NELO) GC TC afC

KKPR=[AES (KPR}

PRINY a47g, KKFR, TIME

FLCARMAT(/7718F RESULTS FOT GRCUP,IZ,ZEH, PCET BuUCKLING

P1OHTE, TIw
yAX,SHAXIAL 4%, 9N
3 8H I I, aH )
SHEXTEASICNY)

THEC=1

PQOINT 485, IMF¥ ,MCDL,ACE g 1FUY (FRES,UREM, STHIGT

FORMAY [19,217,[8,F14.2,2ZF17.%)

IF (1THP.LT.1.CReXCUTCT.EG.Ol &C TC =g%

SET TINE MHISTCOY IN THIST

KKAR= LARS (KPR )

TTHOLT{1 ) =KKAR

1TFOLTI2)=7

ITHCUT{3)=INMEN

1 THOLT(4) =NOD I

ITHFCUT(S1=NCE 2

1 THOLT(6) =1FUT

THOLT( 1 1=PNFW

THCUT (2} =UREW

THOLTE3) =STHI §T

THOUT (a ) =T TME

I SAVE=1

CONT INLE

IF (FREW.LT.FESTI1)}) FESTIZ2)=T]NE

IF (FNEW.LT-REST(1}) RESTUIY=PKER

IF IFNEWLCT.REST(3)) RESTLA)=TINME

1F [FREW.GTPESTL31) RESTU(II=UAEW

LF {RELD<GT «.REST(S1) AE<TlEr=TINVE

WFB.3;//5%,50 ELEN,2
LATEST

RET
RET7
RE?

PE?
pe?
RE7?
RET
RE7?
RET

TRUSS E1L.EVMENRET
X, FNCCE, 3%, 4FR0OCE, 3X, 5HPHASE RFE7
2xelaraC(uv. FLASTIC,/,
IX,SH CCCELEXSrFORCELAX,SFEXTENS|DN,6X,

RE7
RET
RE7
RET
RET?
FE7
RFZ
RET
FET
pE?
RET
PE?
£E?
RET
RrE?
RET
fE?
REY7
RE7
RE7
RET
RE?
RE?
RE7
RE?
HET7

2750
Z2€0
227C
2280
£2<C
2300
2319
2r2¢cC
2330
234C
2350
22¢0
237¢C
2300
350
2400
2410
2420
2420
2aal
2450
Fa€Q
2376
248D
2asC
2800
zc1Q
2520
2537
2z4cC
2550
256¢C
2n1f0
2530
255G
2600

“EENC

2620
2630
eacC
2650
2E€C
2670
2680
zesc
27¢0
zZ71C
27260
2730
zrac
2750
F16C
2770
2780
arsc
2800

h

NN R ke Ra o Ralak alial

1

1

£ (2 T e

Bt N -

IF (RELD.CT.RFSTI5)) KESTES)=AELE PE?
17 (PILD.LTLFESTET)) REST(PI=TINE FET
If (FELD.LT.FEST{7}) FEST(7)-QELC RE7 -
REST(S )=ST1FI[5T RE?
T€ ((IFUT sECel3.CR .4 «CR4S)) eAND.(ICLDNE-(3.CR.4,CR.ST rE?
RESTIIO) =PRETLI0) « LRELG-ESTF) RE7
IF C{IFUT «aF D [(T+CPR.AuCFR A=) 1 AND{ICLD.EL (2aCR A LCFLED)) RET?
FESTULOI=REST(I0) +UNEW-UCLC RE?
IF [IFULT.EN.G6) CF=[FG-PRER) AALH+ETHICST-LAER] RE?
IF {IFUT(EN.?) CF=(F7—-PREWIA{STHLST4+UT-UNFW) RET?
ADJUET FCP S SCUFSEQUERT CYCLES RE?
IF ((IFUT LSy ANCL{[FLY, CF.2))  CC YC 2% RET
CC TC <& RE?
IF (ONFw.LT.2rSM) 0 TC 320 RET
ESTRz(PraM/P(O ) eECTR RE7
PCO = DORN cE?
€0 TN =40 RE?
ESTR=[FNEW/PCR)*ESTR RE?
PCR=ONF W RE?
CONT INYS RE?
LPOATE CCYE RET
20 52Q 1-1.NIrFC REY
CopsSin)=rcrin ) RF. 7?7
RETLEN RET
tAT RET
SLAFCLUTINE INTLT THCORY ,FCCNT  RCCF,NIMFC, IGaX, Y, MY INT
. INT
CCMNMOCh ZIKRFELZ IMFM KST L ¥{4 ) KCECK yEALEPyEALEsFLyCCSA, SINA, IN?
NADT g KNED L g5 402 yFYP L F6E G LELFT,,L? [ HIST, 7

LFUT, STHIET, 1510 ,R8iR U1, UB,PCSYAL ,TCR,LILE,PCLG, _INT
CCLE TIPSR UREW , FNEW FFL, CF, CCAST,CUTCT, negr(lo) T

SCPM, SDFC, REM{ 158) InT

CONMER SHCRRK/FTYC40,i5),KEud(ad )}, FEF(QG.Q).KD?EF(AC) Loiay, IN7?
GALA,8) FFEFL&) ySFF{& ), SSTF (&) yAMEN NVET , NFEF, INT

CNTL, INEL, INCD], INCOJ i INC T INC, ITMBT 1 INBY,IKCM, N7

IKCT ¢KFZL 3 IKFLL KFLU,y IKFLL,FCL,FFCL,FLL,FFLL, InT

FINIT,FFINTT, XL, YL ,AREA,%(1102) IN7
CCN"EhITFl%I/IThCUT(lD).TF[UTlED).l1rP,]'AvE NFLTr.h'IF NF7,[SE IN?
. ) IN7

CINMERSTON KCONTE1) (LOINA, 1Y, X( L)y, ¥ (11,0CMCT] N7
CINCREICK 4ST(2),vYESKRL(2) ’ INT
NAYTA ASY /2- L, 3H %/ . (%4
CATA YESNC/4F YES,aF RC 7/ ' INT
[E R AL TR A ALl P Al 0 s ey NIy E?!’?#!G#lt&f#nﬂt*‘.‘;&#ﬂ’ﬂ#ﬁﬂlN?
In?

POST SUCKLING TRL®S FLENEAT -- IAELT SLERECLT IAE In7
. - . InNT
CHARLES FLFLFE INT
INT

FEVISED CCTNEER 2P, 197¢€ In7
NS

LA E R LR T L R A e L e B L L S T P L L L N
AP KA AALEBAT L AR AL AR P AR AR A A A B I A A AR AR A S A RA G d A A (R AF AR | N7

STHIS SLARCLTIAE 1% FENMICSED SLICHETLY FRCM LKEL]. INEL IRITIALIZES 1IN7

ANMD RYACS ELEMEMT DATA, THE (N TIAL 0ATA [S ACT VFFY In?
CTIFFERERY FLCF TEE FCST 2COKLIRC MLCEL INT

170
1FC
150
200
21¢
270
23c
240
250
2eC

280
28¢
2g0
e
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n

Pl

¥Rl

A

"o

N7

FOLTYALERCE (IvEN CON(L) ) INT?

' . - InT

CUNTRCL ¥ARIAELES - 187

- Ine:

FLLC=0.9 INT
D1 11410 INZ
FESTLI=G.0 In?
LELR=0.C IN?
LNFR=0.0 In7
hnfFz=g IN?
NINFC=5Z IN?
STEC=0e0 N7
MMEY-RCCRTI2) InT
AMBLEKCONTL ) , InT
AFEF-RCLAY(a) In?
PRINT 16, (XCTAT(IY,1=2,a1 . IN7
10 FCRMAT (18F oCET BUCKLIAS TRLES ELENERTE (TYBE 7} s» INT
1 25 RC. CF CLCRERTS IN7
-2 Pk NC. CF SYISFRESS TYFES In7
3 25F MO CF FuF.F.« PBTTERARS 1n7

. 1L
IRBUT STIFFL=ES CPORFRTICS In?

. IN7

T PoINT Zo - IKT7
20 FLRMAYT({/7/716F STIFFNEST TYOEE 2/ ,5F TYPF X EFYCLRCS pEX, 1h?
3 THEFCTICRGER I THIERNSILT YIELL 2K AFELERLING, 22X, IN7
v2 2L12FTISPLACEMINT,, TX ) 1IN, LEHRCEY PLOK. paxy THTERTILE o/, 1n?
b SH O AL 35k ?ENLCULUS 6,7 AFFA ,IXK. 10+ LTPESE 4K, M2

a BH  LOAT AN, MUY LI THLE S » y THLCAL F1,4X,1CrLEAD FIPEN IN7

5 AN LB SESLCTE PNy SRSLEFE, 15X, 7St CCCRIIRATES FLA FIVLIAIN?
[ ePHL PCINYS 142, CFELESEQLENT, In?
7 2ok VR ZPCE Il m g PRCEa L LKy 2HFE L 11X 2HF T 11X,  1R?

[ ZHLE 11X 47FL7 48X, 10FCYOLF  FCF o/ /) tOImMT
Rran STIFFNEST IRFTOBUATICH 1587
nro3% 1Tz ,ANFT 1R
READ 40, [4(FT¥o{IT,d),yo71,I%) N7

IF {IT.NF.[} ORINT =cO in7

TF (CFTVo{1Ty 5 alleb TYPIIT 6))elFAa(FTYFIIT,E1.GE.C.0)) PRINT €0C IN7Z

1F {FTYRL 1T, 0 ). CT.SYY2{[T,7}) PFIAT 70CC In?
SUTSERUENT €YZL L PLE = PCRM = WLL1 FF CREATER THAN (F EULAL TC In?
LFCP ARD LESS TvaM OF EGUAL TC FLSTEL : N7
1E I{FTY2{IT, 15 al TaFTYPIIT,a))alRalF "YFI11,15) «Glab 1YFIL1 4,732} N7

1 DRINT &50 IN7
[® (FYyD (17, 15).LT.FTe3{1T,a)) FIVYE(IT,1S)=FTi¥YFilT, a4} 17

IF (FTYO{I1,1 -).CT.FTYPUIT,71Y FT¥a(lY, 1E1=FYvP(IT,T) In?

20 FOINT 50, 1T, (FT¥AlIT 2} ,4=1,15) I~n7
&3 FORMAT {15,7F1C.C,/7 (EF1CaCY 107
SN0 FCAVAT(SIN G&kidt EEETR -= STIFFMNESS CFOUFS KRCY [N CROFR maexws) INT
E0 FORMAY {T6,FE1TVady s/l lH 4SX 7E1 228 477) 18T
607 FTRMET {Sa4F ®3ntes ERGLE —— LMFRCPER NECATVIVE DISPLACEMCMTE ddxdkt)ph?
€5C F IPMAT (S04 IMPRCPSR SUESCOUENT CYCLF FOR VALUE IS ACJUSYED 1N7
TOQ FTRMATIA0F $£%32T EFROM —- €1 LESS THAN FCR #*hwtiax ) [
. : . 1] IN7
FIXFX PND SPPC= PATIEAQNS INT
N7

aan
4cC
A0
arc
aFC
a%0
crce
310
S20

S2¢

7C

790
epo
810
g2¢
P3ag
gao
esc
B6G
e7e

~

(a2

13

el

1F (NFEF.EQ.0} GC TC I8

N7

BAINT €D INT

60 VURMAT(//7/77251- FIXEL ENC FTRCF FATIERRS// . INT
1 : A DAVYEPNIX, AHARLE, 2 2R, 2FAXL AL, T X, SHSHT AR} / In7

2 ar- NCe ¢ 3%X,4HCEOE, 207X, SFAT 1), EZ{7Xy kA1 INT
N7

nC T3 'NF=1,hFOF Ih7
HEAR Fdy [ ¢XOCFEFINF ) UFEFIAF 0 4121401 IN7

72 DAINT 90, WP, KIEEF{NE ) IFEF(NE, J) u=1,44a) In7
20 FLEMAT (213,4F10.0) InN7
€3 FONvVAL (16,18, 1X,4F 12.2) InT
In?

E1EMERT DATA . INT

. In?

169 SKINT 1LC 154
11C FORMAY (/s /77270 ZLFMENT SPSCLFICATIOR Yy Ln7
1 IX 4 SFELEM, IX, 8WNCEE, 2% 4FNCCE , 2%y GFNEDEy 2 X, 4-STIF 42X, InT

2 GHGECM . 2R 8HTINT ' X, 1/FFEF FATTERNSyIX,17FFEF SCALE FACTGRSINT

= FEX RINIYIALY H

4 IH,aF ACe 3% 8F I 42X,4F J yZXs@FCIFF, 2%, 4+ TYPEL 2K,y IN?

5 GESTIF ¢ PRe&HHI ST, 20, oL LL 4 2X,17r tn7

= $3X LT SCHCE 2} IN7
INT

KNT=0 (.54

C2 120 J=15,25 IN7
I17C CMUI1=0a . st
' INT

LT INT

130 FFAC 1604 INEL, INCDT, INCDJ, JINC,LTAP T, 1KGW, IKDT s IKFCL I KFLL ,FFCL,FIRT
IFLL FFINTT INT
147 F2AVAT (O1%,2F5aC,SICG] ’ 1r7
IF {IANEL.GT.INEN) CC TC 17C 187

120 NCRTSIRTO in?
NCCJ=IRCTY In7
INC-1INC 1N7

17 CIRC.S2.0) INC=1 N7
1MET= 1 IVET IK7
KOGLLM=IKGM INT
KCUTCT=IKGT IRT
YRG=YFESACI2) INT

IF (KCECM.NF.C1 YRG=YFSKRCL [} INT
YAT=¥ESNCA2) IN7

1IF (KCUTCTL.RC W) YNT=YF:RILL) Tn?
KELL-{KFCL IN7
XFLLU=IRFLL B INT
FCL=FFOL : IN?
FLL-FFLL 1NnT
FINIT=FFIRLT INT
A5TT=48T (1) InNT

IT (IRFL«RNELNMEMD 130,170 INT
SNT

169 ATCIRCCTAINC In7
RCDJI=ACDITNC INT
ASTT=85T(2) IN7
N7

170 PEANT [RC, ASTT,IMEM,NODI,ACDOJ,INE  INBT ¢ WhGyYhT yRFCL ,KFLL (FCL,FLL, INT

eao
AGQ
5Ca
910
52C
930
G40
Sne
2EO
9T
080
85S¢
1cce
1010
to7¢c
1030
1280
105¢
1060
1c7¢
1080
18050
11c0
1110
1150
1120
11ac
1150
1160
117¢C
1180
1186
12¢¢
1210
177G
1230
1240
125¢

12€0 -

127¢C
1280
1290
13¢C
1219
1320
13230
1340
1250
1360
137¢
13180
13%0
1acc
141D
1a2¢
1420
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TFINLT IN?7 jaac £al1,11=CC58 - . : In?

180 FORMEY (aZ2,1a,17,31€,)3X A4, 2X A0 1 7,1€,FLlL+2,F10.2,F11.2) In? 1450 GALL,2h=S[na : 7
- L1N7 14EC CefZ, 1i=-51NA INT
COUNT NUMEBER OF ELEMERT TIME RISTCRIES . INT 1470 sal?2,21=cCea : IN?
: IN? &80 Call1,2)=CN5A 1h7
[F IKCLUTDT.RELO} RELTH=HELTHIL : INT 145G Ca(3,8)=51Inp - In?
. IANT 1500 CA(a, 3y s=5Iha IN7
Lecaticn wATRIX . IN7 1Ene CA(9,a1=C05A N7
- INT 1520 CC 210 I-1,4 InN?
CC 190 v=1,2 . - IN7 ‘1530 SFF{1)=G. . In?
LHIL) ZIGINCDT LY iNT 154l 219 SSsRF(I)=7. 1INY
192 LMmiL+2)=10(NO2S, L) . IN? 1550 R 1F (XFOL,E%.9) GC TC 25¢ IN7
CALL EANC IN?7 15€¢ Lr 220 1=1,49 IN7
IN7 157Q 220 FFEF(I)=FEF{KFCL,1)3FCL IN?
ELEMERT PRCRERTES IN7 15P0 1F (KOFSFLKFDL)AFC.) SC YC 220 . o KT
INT 158GC CALL MULT 1GA,FFEF,S5FF,4,4,1] 1h7
AL=XI(NDDJ = X{NGDT) ' 187 14ao0 SC 1L 2?:C ’ N7
YL=YURCDII=¥ (RCC1) 1M7 1E1C 210 NC 240 1=1,4 1t
FLESARTULEL**24yL*A2) INT &R0 2a0 SER([)=FFEFL(D) : : ' N7
CP5A=XL/FL INT 163C c . . INT
SINA=YL/FL" IN? 164C A50 IF {KTLLWFC.0) GC TC 790 187
1HIST = NUM3ER DEFINING THE ZART LT THE €YCLIC CLRVED WHICH IS INT 1650 57 260 L=1.4 N7
CCCUPLEC CURINC TH{5 TIME STES, S§Yrl15T - MISTCRY OF IN7 1E€0 260 FISF(13=FEFIKFLL,, [)1®8FLL In7
T OEQMANART DEFOQNATICK CF MOCNEEF. - N7 167¢C IF (KCFES(XFLL).EG.0) CC TC 270 In7
IHIST = 1 . . 1N7 1680 CALL WLLT (GA FEFF,S5FF 4, 4,1) ' InT
TETY = (FIYPUINET 3)NFL)/FTYRLINET 1) IN? LESC €C o 29p . INnTY
BSTR=FTYI(IMAT,.a10FL/(FTIYOUINMIT,2IERYFEINaT, 10 1nT 1700 27C DC 28C I-1,a IN?
LREw=0.0 : IN7 t71C THOD SSFELI)=TIYEFL) . 187
FLARM=FTYO{ I1MST, %} . . N7 1770 c . IN7
LIsFTYA(IMET, 5) . . 1N7 1730 25C €N 2CC T=Lls4a 7
LA=FIYA(IM2T,6) TR7 17a¢ 30¢ SEFF(1)1=SSFFLT)4SFFI1) 1n7?
POSTRL=FTY2L VAT, ) ) INT 17S0 z INT
FCR=FIYELINUT y2 ) [N7 17€&C . CALL MULTT (GA,°CF<T,3C,8,4,1) ' in7
BCAM = FTYP(LINMBT,.I5) - IN? 1770 - CALL SFCFRCE (L) ' INT
1FUT =t In? 1780 < In7
CYHICT = 0.0 . IN? 17SC Y C INITIALIZE FLEYERT FCECE . In?
AREA-FTY2(IMBY, 2} IN7 1800 i N7
- DYO0= AR AMFTYOLINET, 3) IN7? 1PI1C 1S (SSEF{M)-SSFFL11)8¢,." 7
EFLE® = €.C IN7 1820 310 ERTWFINLT+cSFEF ' IN?
FALE = FTYPLIMET, 1) & AREA , FL - In7? 1830 EFL=CNFY N7
CS=F1YP{IF2T G2 %EAaL" . IN? 1BAC 1€ (FINITWLT.W.) €C TC 1 1R?
CO=FTYR{ |#5T, 10} F ALE in7 1850 SESTC1)=FINIT N7
FOH=FIYEIINBT, 11) TN lREC EH5ST L2)=0a0 . ' IN?
F1=FI¥PLIMBT,12) IN7 1870 GC Tr Aag . INT
UG=FTVYE( NPT, | 3) Lh7 14BO 120 @ESTLMI=FINGT In7
UT=F TYFLINFB,14] IN? 1BS5C FEST(8)=n.0 . 1InT
CF=EALE IN7. 1900 ¢ INT
CILT=CF N7 151C TI0 CALL FINISK ) IN? 267C
- IN7 1920 I iN7 zanC
LEACS CUE TG FI¥YFT ERC FCRCFES K7 193D C CTNFUATE MISSING FLEWTNTS In7 245D
. IN7 15640 c In7? 2E5C¢e
SFEF=0. IK7 1950 IF {IMEM.EZ.KRMFM) RETLAM IN? F=1E
IF (NFCL4KFLL"Ca.0)} CC TC 110 IN? 15€0 TMiM=INEYM+] . In7? 2520
DN 200 T=1,N00F . i IN7 1970 IF (IMEMJEG.IAFLY GC TC 150 IN? 2572¢
cr 291 NECF : In7 1980 €D TN 1ecC . INT 2540
26C GA{lL,J)=0. IN7 tS%C c 1N/ 2t=g
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290
5C0

END 1n7
SUBRCUTINE SYLF? INSTER,hGCF,NIKNFC ,CCvS, P, CFAC) sT7
COUMMEN JINFELZ IWEN RSTLV{4) (KGECK EALEF ,EALL (FLyCESH,SINA, ST7?
NOTLaNC Ty CS,CPPYP  FELUE,F7,L7,IHIET, s17

1FLY  STHIET, TSTR,ESTR,UI,LE, FCSTEL ,F(T,UCL CyPCLDy ST?

CTLY 4 IPGY  LNE R, PNEW 4 FFL,CF , CLAET KL T T yREST (16O} ST7

COMNEN FwCEBF/ SST{2,7),8802,8),A8TK{G, )4 FFk(4yd} h{1CGLa) s17
DIMFRSICN COM(L) yCOVSOLY 4FK (4 ea) sT7
ECUIVALERCE ([ [MEN,CCM{1)) . §T?
L e e N e T R R L L A
ST7?

FISY ELCKLIKG TEUSS ELENERT -- STIFFACSS POCIFICATICH SUBRGCLTINE STV
5T7

CHARBLES RCECCR s17
=17

RPFV[SED FIERUARY 12, 1907€ CosY?
=17

FAAAR R I TR ELy AR R AR A LA AP AN AN R T R SR A AR EA AN L SIS RIS L LB EC LSS LS ALLYTT
Coo10 J1=3,NINFU c1r
CLM{)=CCmEL D) sT?
IF INSTERLCT,E) GO TD 4C 577
CORST=CALE =17
COLN_FALF sT17
cL ' 509 ' s17
1€ {MBIFO, Mo, 1) CCRST=FALENCFAL ' sT7
IV CNMSTEP.ED.1) 510 17 =CC 517
THF SFAFE CF THF (¥CLIC FCFCE - CISPLACEMENT CURVE CAR 517
AT OCRANSTD SY CHANTING TRE [KFUT VARIAELES. FOWEVER, sT7

- CARE Mys® or TAKEWN TC ASSURL TRAT 1HFE JRFLT BFHAVICR 577
QETENPLES AGACE FEHAVICR, INFLT Tufr 25 NECAT[VE F& CR F7? stT7?
COLLD CIVE STRARGE RFSLLTS. 517
CONST=CF-CCL D £ET?
FRO1, 1} sCONGT*INca%me ST/
FEK{l (2)=CCRET*2T[hABCNEA 577
SRl 3)=-FR{L,1) ST?
FRUL, B1=-FK(L,2) LN ST7
FRIZ D) 2CONSTHSIRATS2 : sT7?
ERKIP, 2PeFKEL, 40 s
FF{?,0)=-FK({2 sT7
FH(®,VY=FrlLl ' . 5T?
FE{Y,a)=FK{ L. 577
Frla,e)=Fuip, 2) 517
nr,os<g ' sr?
Ja=1-1 s¥7
CC SeC J=1 424 5T7
FREl,u)=FK{J. 1) sST7?
CUNALTE CECNOTRIC STIFFRESS . 517
1= (XGECM.EQ.C) Gr TC 7C¢ sT?
If (NSYEELAC.]1! &0 T2 7CC ' s17
oC €PC I=1,44 [X%]
SSE{[, | )=0FL s17
L A0 I=1,% cv?
(YN IR R 517
BACTy 1)=-SINA . sST7
AALL,2)=CCEA T?
ARy 1=afnA 517

£=0

MASAANAAND

M

AmRAAA~N" AN A AN

AA(Z,a)==CCsA 517
CALL MULTST [(AA, ST ,A0TK,FFX,4,2) 517
CC ESD 121,16 . 577
ESC TRy 1) =FKO [, I} 4FFEKIT 40} ' ST?
700 GCNTINUE ) 7
RFI1LSN 577
END ' sST7
SUSRTUTINE CYTT (CLHS,NINFC) cur
COMMCN ZINSHLZ IMEM ST I M{A) JKGECKh 4 FALEF £ 2LE4FL,CCSA,SIRA, cu7

1 NZET,NODS,CS,C8,PYP,FE,UE,F T, LT, IHIST, cu7
o TFUT ySTHIST , TSTP)ESTH LIy UF,FCSTELE(R,UCLLC,POLD, CU7?
R CCLD 5 LARM L LNE R sPNEW ,PFL ,CF,CONST KCLTIDT ,KESTULIEDY CU?
TINSASICR CEMU1),CONS (I ) ouz
FQUIVALENCE ( IMEM,COCMIT DY . au7
EEERERE AL L EL AR P YL AR LTS SATRERLRY AT AR LA LRl T3 st ted s ey,
our

POSY ZSUCKLING TRLSS ELFMENT -— ERVELCPE CLTIFLY SLPRRCLTINE Cu?
cuz?

CrHARLES ROFIFR our
cuz

PEVISED JARNUAPY 19,1976 cur

. cuz

B E RS A AR AR A RS A PRI YRR A ST BAR AR RNIA AR RO BTN RRRRATNTUT
cuz?

CAVELEFE CUT?UT FCR PCST AUCKLING TRLSS FLENENTS cu?
GC 1C Je1,NINFC . nu7
1) Comy)=COoMS L) cu?
IF (IMEPLFGL1) ERIRT 20 cL?
<O FORMAY (28H 2037 JUCKLIM: TRLES ELEMTRTS (TYFE 7) ,// o7
1 3F ELFM, 7% ,4FNCCE, 16X, 20FMAXTMUN AXIAL FCREES cur

H 1EXRGLIHPAXIPLY EXTERSICRG 3 12K, 2SHACCUN . FLASTIC FATENS [ONS,/ cu?

2 S NCa,IX,48F | ,IXpaH  J LEx,EHCUNFA 4 X, aHTIVE,5X, cur

4 FTHTLRSITR o ¥ J4bTINE,SX  AtOCESITIVE , 32X 4HT IME, cuz
3 IX BHNTGATIVE J3X 4 hTIVE ,7X AFPCETTINE W5X (BRREGATIVES) our
FRINT 30,1YM7% , NOCI,NDOJ. (RESTUT), I 10} L
30 FroOMATOL1A 017,17 42X 20F10 .2, F7a2), 2K iF11a5,FT PR, 2F1325) rur
RETUEN cu?
£y au?
RLAOCLTINT THAR? (KF%) . TF7
COMPEIN ATHEISTZ ITHCUT LN, THECUTHZC ), ITHP y ISAVE JRLLTF 4 NSTH  NF 7, I SE TH7

’ THT

A RN P F I T AT AN AV N RN T OO T LACRADTEARSRAI AR I URAREATE T

B TH?

PNST TUCKLING TRLSS ELENCRT —= FRECURGAMIZFC CUTRUT SUPRCUTIARE, TET

- THT

CrAILEES FCREDFL T™T
TE?

FEVISED FEEAQLEY 12,1076 TH?

TE?

, arpnkdidbarawr syt nAddddhddndk il pRphddtrar R hra R b kDA G AN AR AT R T
RECRGANIZSD TINE FISTCRY CUTEUT THT

1F (ASeGT 1) GF Tr &g TR?
FEINT 12,1TrC0Y (1), ITFOLT (D) THT

12 FORMAT(IAHIRE SULTS FNH GROLT 213,25t FOST SLERLTNG TRUSS ELFMERTSy T#7
1 12k, ELETAT NC.o, 1%, 7#5%,5F TIMF, 2%, aHNCCE 3%, 4FNCDEL 35, TH?
? EHPHASE (LY ,SEAXLAL y4X ,9F  TLTAL 1%, 14FACTUM. FLASTIC ./ 5%, T2
3 -5k 3N ,aF T . 2M,aF  J ,3X,TF CCDEEX,SHFCPCE ,4X%, 17
" GHEXT . RSICN g =X, CGREXTRRELICR) THY?
22 BEIMT T8, THOLTO&) ,CLTHOLTETY p 1 =4, E) o CTHOCLTLNE 411,23 ™7
FrLAMaAT {1+0,FR.3,017,18.F16.2,3F13.5) TH?

IT [ 1%° ,F2C} SC TC &€ Tr?
WEITE IRTZ21 TECUT (A ), CHTFCGUYE Ty 0=4, e ) LTFCLTl L g1=1,2) TH?

«¢ CCNTINLE TRT
F™TUFA 1H7
ERD ' Te?

<€q
570
580

Jrc

1€0
110
120
12¢
140
15¢
1£0
170
18¢
1SC
2C0
210
27°c
240
240
2%¢
260
2rc
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ZONE NUMBERING AND DEFINING VALUES
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FIGURE D1 - DEFINITION OF [NPUT PARAMETERS
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EFFECT OF YIELDING

- RELD (1)
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FIGURE D2 - MODIFICATION OF THE CRITICAL PARAMETERS DUE TO YIELDING OF THE BRACE
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REDUCTION OF BUCKLING STRENGTH
FOR LATER CYCLES
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FIGURE D3 - BUCKLING BEHAVIOR DURING LATER CYCLES
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“Further Studies on Seismis Behavior of Steel Beam-Column Subassemblages," by V. V. Bertero,
H. Krawinkler, and E. P. Popov - 1973 (PR 234 172)A06
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Unassigned
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"Static and Dynamic Analysis of Nonlinear Structures,” by D. P. Mondkar and G. H. Powell -
1975 (PB 242 434)A08
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Subjected to Earthquake Loading,™ by N. D. Walker and K. S. Pister - 1575 (PR 247 781)A06

“An Alternative Representation of the Elastic-Viscoelastic Analogy, by G. Dasgupta and
J. L. Sackman - 1975 (PB 252 173)A03
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