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ABSTRACT

Two series of tests are described to investigate the behavior of five full-sized
single-bay A-36 steel frames subjected to constant gravity loads on the beams
and columns and eyecles of reversed and repeated lateral displacements.  The tests
represent parts of an eight-story ductile steel frame subjected to simulated carth-
quake loading.

The first test series involved a single-story and a three-story frame. The
frames were designed and detailed to reflect current asecismice design practice.
The inelastic behavior was confined to the beams and the panel zones were stiff-
ened according to AISC specification requirements.

The second test series expanded into three particular problems.  The effect of
local buckling of the beams was evaluated in a single-story frame.  Another
single-story frame with columns oriented for minor axis bending was tested to
study the behavior of the columns in the inelastic range and of the beam-to-
column connections. A two-story frame was tested to study the behavior with
the plastic hinges in the columns as well as the beams.

The test results demonstrated the considerable load-carrying capacity and
duetility of steel frames when subjected to the reverse lateral displacement pro-
gram. The experimental maximum lateral loads exceeded by from 17 to 409, the
analytical maximum loads predicted for monotonice static loading,  The stability
of the lateral load vs. deflection hysteresis loops 1s shown at lateral deflection
amplitudes up to 14 times the working load lateral displacement. This corre-
sponds to a drift index of 0.043.

The role of strain hardening, local flange buckling in columns and noncompact
beams, inelastic column moments and the effect of the gravity loads are deseribed.

The beam-to-column conncetion and pancl zone stiffening details are evalu-
ated.  Maximum moments applied to the conections exceceded the plastic moment,
of the beams by about 10 to 2097.  The conncetions transmitted these inereased
and repeatedly appliecd moments in spite of the fact that plastic beam moments
were used to design the conneetions.  Stable hysteresis behavior was obtained
with panel zone shear stiffening and welds between the beam web and column
flange omitted during several maximum amplitude cyeles at the end of one frame
test.



Reversed and Repeated Load Tests of

Full-Scale Steel Frames

LAUREN D. CARPENTER
LE-WU LU

1. Introduction

The design of buildings in areas of high scismic
activity i1s based on past experience of concerned
designers.  The current code provisions (1)! as-
sume inclastie behavior of the building’s structural
frame and nonstructural components.  The large
amount of masonry used in older structures per-
mitted considerable dissipation of the energy im-
parted to the building by an carthquake. In
newer steel framed  construction with  curtain
walls, a significant proportion of the energy dissipa-
tion 1s due to the inelastic behavior of the steel
framing. It is therefore necessary for the de-
signers of the modern framed structures to be able
to estimate the inelastic strength and the energy
dissipation capacity of the buildings.

1.1 Dynamic vs. Static Response

Dynamic analyses of multistory steel buildings
are performed to evaluate the behavior of buildings
during carthquakes.

Preliminary  experimental load vs. defleetion
hysteresis loops obtained from static and dynamie
tests on simple specimens show that the hysteresis
loops have nearly duplicate shapes (3, 4).  Inaddi-
tion, since the effeets of strain rate in structural
steel are considered to be small during carthquake
loadings (5), a small increase in yield stress of the
steel could be used to account for the dynamie
effeets (6). Therefore, the statie load versus de-
formation characteristies of the structural ele-
ments and of the structure subjected to combined
lateral and gravity loads are the basic information
necessary to perform the dynamie analyses.

I The numbers in parentheses refer to the list of references at the end
of this bulletin.
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1.2 Previous Research

The following articles review some of the pre-
vious experimental research on simple specimens,
members and frames subjected to various reversed
loading conditions.

1.2.1 Experimental Behavior of Simple Speci-
mens The cyclie stress vs. strain behavior of
small axially loaded pieces of steel has been in-
vestigated for the usual purpose of studying the
fatigue characteristies of the material rather than
the basie load-carrying properties of the materials.
Benham and Ford (7) and Tavernelli and Coffin
(8), for example, were concerned primarily with
relating the nominal stress vs. plastie strain re-
sults to fatigue behavior.  Although fatigue be-
havior 1s recognized as a possible governing factor
in the overall behavior of a complete frame, em-
phasis should be placed on the load vs. deforma-
tion behavior of the frames subjeeted to alternat-
mg loads.  These alternating loadings in no way
imply an cequal amplitude strain or stress eyeling
throughout cach “fiber” of cach eross section of the
members of the frame.

1.2.2 Experimental Behavior of Members and
Frames A considerable number of tests have been
performed on structural components and simple
structures subjected to repeated and reversed
loads (9). In one series of tests, cantilever beams
were tested to study the basie behavior of these
beams subjected to reversed loads (10).  Further
studies In the series mneluded welded and bolted
beam-to-column connections typieal of those used
in carthquake resistant design (11-15).  These
cantilever beam tests showed a remarkable stability
of the hysteresis loops for very high strain ampli-
tudes.  Significant local buckling did not signal
immediate loss of capacity for these beams which



had “compact” flanges and relatively close bracing
spacing. Low cycle fatigue and attention to weld-
ing details were indicated as necessary design pa-
rameters since most of the tests were terminated by
fractures. Other recent cantilever beam  tests
have indicated that proper lateral support is re-
quired to insurc stable hysteretic behavior of a
cantilever (16). Since both the moment vs.
curvature and the load vs. deflection hysteresis
loops have remarkably stable shapes, the canti-
lever beam test results imply that a practically
constant amount of energy absorption can be de-
pended upon per eyele at each level of strain (17—
19). The test results also show that the areas en-
closed by the hysteresis loops increased with in-
creasing  displacement magnitude (12).  Similar
behavior has been exhibited during reversed bend-
ing tests of different types of beams (20-22).

Beam-columns bent in double and single curva-
ture have been tested under constant axial loads
and alternating end moments (23, 24). More
comprehensive experiments including interaction
of beams subjected to repeated and reversed load-
ing with axially loaded columns have been re-
ported (27-30).  The results of these tests showed
that for columns with small and nearly constant
axial loads stable hysteresis behavior is usually
generated.

As an adjunct to tests of multistory frames de-
signed to study the static behavior of the frames
subjected to monotonie lateral load applications,
these full-seale frames were subjected to reversed
loading after very large ineclastic deformations
had occurred due to the initial loading (31—
33).  These tests were all terminated after one or
two eyeles and gave an indication of the possible
lateral load-carrying capacity of the full-scale
frames subjected to reversed loading.

More  comprehensive  experimental  programs
directly relating to the reversed load problem were
reported by Sidebottom and Chang  (34) and
Tanabashi ct al. (35). The former authors re-
ported tests on tension-compression and compres-
sion-tension tests of axially loaded specimens as
well as reversed bending tests of simple beams.
The latter authors reported on an extensive test-
ing program on axially loaded specimens at various
load amplitudes and also subjected simple beams
of wide-flange cross sceetion to reversed loadings.
Apparently only in these two investigations have
attempts been made to prediet member behavior
based on the experimental behavior of simple
specimens subjected to similar loadings.

2

3
4

? o
5 5
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i becca
FIGURE 2.1.  Prototype structure and test frames

In the experiments by Popov (11-15), Kurobane
(36), Chipman (37) and Sherborne ¢t al. (20, 21)
with approximately equal amplitude strain cycling,
attempis were made to correlate applied loadings
and corresponding strains.  Arnold, Adams and Lu
(32), and AlMuti (4) compared their experimental
results with predictions based on a simplified
monotonic stress vs. strain curve.

The essential observation to be made from in-
spection of these tests is that a similar type of hys-
teresis loop 1s generated for a rolled steel member
in hending as for a short specimen subjected al-
ternately to tensile and compressive loading or
straining.

1.3 Scope of the Investigation

Two series of tests were performed on single-bay
steel frames and evaluated with respect to the be-
havior of the frames subjected to constant gravity
loads and a program of cyclically applied lateral
displacements.  The emphasis of the testing pro-
gram is on the behavior of low multistory steel
frames of A36 steel subjected to simulated carth-
quake conditions.

The first test series involved a single-story and a
three-story frame.  The frames were designed and
detailed to refleet current ascismic design prac-
tice.  The inelastic behavior was confined to the
beams and the panel zones were stiffened acceord-
ing to AISC Specification requirements.

The second test series expanded  into  three
particular problems.  The effeet of local buckling
of the beam was evaluated in a single-story frame.

Bulletin No. 24 AISI Steel Research for Construction
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FIGURI 2.2 Design loading of the test frames

Another single-story frame with columns orien-
tated for minor axis bending was tested to study
the behavior of the columns in the inelastie range
and of the beam-to-beam column connections.
A two-story frame was tested to study its be-

Reversed and Repeated Load Tests of Full-Scale Steel Frames

H=H + Hy +Hy+ Hy + Hg = 519K

havior with the plastic hinges in the columns as
well as the beams.

The following chapters deseribe the design of
the steel frames subjeeted to aseismice code lateral
forces, the technique developed to test these

3
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FIGURE 2.3a.  Geometry and member sizes of Frame A
frames, and the experimental behavior of these
frames.  Observations based on the experimental
results are deseribed in later chapters.

2. Design of Test Frames
2.1 Design Parameters

The test frames were designed by following the
ascismic design practice. The lateral forees are
hased on the current aseismic design code for the
cight-story, single-bay prototype structure shown
in Iigure 2.1. The columns of the prototype
frame are likely to be bent in double curvature
and have points of inflection near their mid-heights
when lateral loads are applied.  Therefore, as-
semblages ean be formed by subdividing the proto-
type frame at the mid-heights of the columns. A
three-story assemblage that would represent levels
5, 6 and 7 of the prototype frame is shown in Fig-

3" ¢ Pipe Tie
'S "“*
;5“0"
W10 x 29 t
(A36) §
1“()I_O"
W8x 40 do. 4
(A36) ‘
;lol_oll
do. l
5I_Oll

1
FRAME B

FIGURIS 2.3b. Geometry and member sizes of Frame B.

ure 2.1. A single-story frame, Frame A, was then
sclected as the lowest story of the three-story
frame, Frame B, and loaded accordingly. Frames
C and D were subjected to the same conditions as
Frame A. Frame K is a similarly loaded two-
story assemblage.

Eighty pounds per square foot were sclected for
full dead loads and also for full live loads with an
average live load reduction of 409, applied to both
beams and columns. The gravity loads applied
to the frames were based on an 18-ft spacing of
each frame in the prototype building. The total
tributary floor loading was placed as two cqual
concentrated loads at approximately the quarter
points of the beam span.

Since the portion of the building scleeted for
design, analysis and testing is in a region of small
variation in the total ascismic design shear, the
working design shear was selected as the summa-
tion of the ascismic shears through level 5 for
Frame B as shown in Figure 2.2, The determina-
tion of the ascismie design shears for the various
floor levels is illustrated in Appendix 1. The
working shear is equal to approximately 3149, of
the sum of the dead loads through level 7 and
causes a static drift of (story height) /350 per
story.  The geometry of the frame and the mem-
ber sizes were seleeted to have ratios of column-to-
beam stiffnesses which are representative of build-
ings designed for seismic arcas.  The beam-to-
column conneetion details were also similar to the
fully welded conneetions used in Popov’s canti-
lever beam tests (11-15).  However, shear stiffen-
ing was also provided in the panel zones of the
frames.

2.2 Analysis and Design of Frames A and B

An approximate design and subsequent analysis
were performed for Frame B subjected to gravity
and combined gravity and lateral loads to find the
preliminary member sizes. The preliminary frame
was then analyzed to determine the bending mo-
ment and axial foree distribution. The analysis
was carried out on the frame under working gravity
load alone and then the working value of the hori-
zontal load was added. The results obtained
permitted comparing the adequacy of the beams
and columns with the allowable stresses specified
in the AISC' (American Institute of Steel Construe-
tion) Specification.  The comparisons are given
in Appendix 2. The final member sizes scleceted
for Frame B are shown in Figure 2.3b.  The same
member sizes were also adopted for Frame A (Fig.
2.3a).

Bulletin No. 24 AIS] Steel Research for Construction
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FIGURE 24. Beam-to-column connections of Frames A and B

The horizontal and shear stiffening of the panel
zone at the beam-to-column connections were
scleeted by plastic design requirements (39). The
details of the conneetions are shown in Figure 2.4,

To find the complete load vs. defleetion curve,
cach frame was subjected to a monotonically in-
creasing horizontal foree with the constant gravity
loads at the working value as shown in Figures
2.5a and 2.5h for Frames A and B. A scceond-
order clastie-plastic analysis that included the
P-Amoment in cach story was carried out for these
frames.  The load vs. deflection curve for Frame
A, Figure 2.6, indicates that the frame instability
load and the plastic mechanism load coincide at a
lateral load of 14.8 kips. Iowever, the curve in
Figure 2.7 shows Frame B to be unstable at a load
of 15.3 kips before a mechanism is formed.

2.3 Frame C Design

The purpose of this test is to evaluate with re-
speet to Frame A the behavior of a frame which
has local buckling oceurring in the beam flanges

104k 104k
! by
17k 17k P oos
P
i { y
_99f/2"_l_. 81 _L49'/2L =0.28

FRAME A
P = Axial Load in Column, Py = Axial Yield Load of Column

FIGURIS 254, Loads and axial thrust ratios of Frame A
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similar to that experienced in Popov’s tests (11-15).
Therefore the test frame was selected to be a du-
plicate of Frame A except with a beam with a high
flange  width-to-thickness ratio. The WI0X29
used in Frame A had a b/t ratio of 11.5. The
beam used in Frame (" was welded from three
plates to have nearly the same =eetion modulus and
fully plastic moment as the W10Xx29.  The final
cross-section selected has a b/t ratio of 21 as shown
in Figure 2.8, The inclastic behavior of Frame
would be expected to be approximately the same
as Frame A if local buckling of the beam flanges
does not have an effeet on the lateral load capacity
of the frame.

69k 69K
| =
|7k 17k .P_:0_[6
{ P
=0.20
17k 7k
{ {
=0.25
i7k t7k
{ {
| |
492" g" a9V} =0.28
B

7™ FRAME B

FIGURLE 2.5h, Loads and axial thrust ratios of Frame B
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FIGURE 2.6. Load-deflection curve for Frame A

2.4 Frame D Design

The main emphasis in the test of Frame 1D was
the minor axis orientation of the columns, and the
corresponding minor axis beam-to-column conncee-
tion.  The behavior of partially inelastic columns
under cyclic bending is also investigated. The
beam and column scetions shown in Figure 2.9
were selected to satisfy the above criteria as well
as keeping the elastic stiffness of the frame and its
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FIGURE 2.7. Load-deflection curve for Frame B
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FIGURE 2.8, Frame C and beam cross section

maximum monotonic load capacity similar to
Frame A. The comparisons with AISC require-
ments are given in Appendix 2.

The load vs. deflection curve for Frame D is
shown in Figure 2.10.  The maximum lateral load
is 17.1 kips at the formation of a beam mechanism
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P
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FIGURE 2.9. Frame D) and connection details
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similar to Frame A or C. What is not clearly
apparent in this clastic-perfeetly plastic analysis
1s that the moments in the column are greater than
yvield but less than the fully plastic moment ca-
pacity reduced for axial load effect.  The moment
exceeds the yield moment by about 1.2 but is less
than the fully plastic moment which is about 1.5
times the yield moment.

2.5 Frame E Design

The purpose of the test of two-story I'rame 10
was to cvaluate the behavior of a frame with
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FIGURLE 2,11, Frame IS and connection details
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FIGURE 2.12. Load-deflection curve for Frame I

plastic hinges in the columns (orientated for major
axis bending) and in the beams.  The frame stiff-
ness and strength were also similar to those of
Frame A. The member sizes of this frame are
shown in Figure 2.11. The comparisons with
AISC Specification requirements are given In
Appendix 2. The W8X 24 section selected for the
columns was slightly under-sized.  This was neces-
sary in order to insure that plastic hinges would
form first in the columns.

The load vs. deflection curve for Frame 19
shown in FFigure 2.12.  The maximum load of 18.7
kips and the sequence of plastie hinge formation
arc also shown. The general failure characteristies
are similar to the other frames except that the
hinge at the end of the beam has been displaced
into the column above and below the beam-
to-column interscction.  To avoid a pancl mech-
anism in the lowest story of the assemblage, the
columns in that story were reinforced by cover
plates.

3. Testing Technique
3.1 Introduction

The frames were tested by subjeceting them to
constant gravity loads at the working value and a
program of statically applied eyclie lateral dis-
placements of the top of the frames.  The lateral
displacement programs were similar to those used
by Popov on cantilevered beams (11-15, 17-19).

Initially the gravity loads were applied to the
frames and then sets of lateral displacements of
increasing amplitudes were applied to the frames
in a eyvelic manner. The lateral displacements
were eycled equally about the vertical position of
the frame in a step wise fashion from small to large
amplitudes.  In cach case the amplitudes to be
cyeled were selected to bracket the plastic hinge
occurrences as determined by the clastie-plastic



analysis and other intermediate points on the
respective load-deflection curves.  For displace-
ments in the elastie range the frames were sub-
jected to three ceyveles at cach amplitude and for
inelastic range displacements five eveles were im-
posed. The number of repetitions of cach eyele
amplitude was set to observe the stability of the
hysteresis loops at the various amplitudes of de-
flection and inclastic conditions of the frames.
The amplitudes seleeted for the test frames are
deseribed in detail in Chapter 4.
3.2 Testing Technique

3.2.1 Basic Testing Schedule [Iach frame
was commercially bid on and fabricated by strue-
tural fabricators from working drawings. The
shop fabricated members were erected in the basie
testing arrangement and aligned by transits to
be vertical in two directions.  The beams were
leveled and aligned. The frame was instru-
mented and initial readings were taken. The
beam-to-column — connections  were  then  field
welded in the laboratory by the structural fabri-
cator. The gravity loads were then added inere-
mentally to the columns to verify and adjust the
column stresses to “alignment under load” condi-
The gravity loads were increased to the
dead load portion of the total load on all members.

At this point in the test several eyveles at different

tions.

amplitudes of lateral displacement were applied
for the purpose of making a complete checkout of
the measuring deviees and the experimental data
generated.  These amplitudes were selected such
that the frame remained essentially clastie.

After completely unloading the frame, the main
portion of the testing program was started by ap-
plyving the full gravity loads to the columns and to
the beams inerementally. At this point scts of
cycles of inereasing lateral displacement ampli-
tudes were applied to the top of the frame until the
test was nearly completed. At the end of each
test the frame was displaced in one direction to the
maximum amount possible for the displacement
apparatus used in the test.

3.2.2 General Testing Arrangement Various
pieces of hardware were procurred or fabricated
and then assembled into the general arrangement
for testing the frames in the manner previously
Figure 3.1 1s an overall view of the
test setup for rame 13,

deseribed.
Giravity loads were ap-
plied to cach beam by utilizing gravity load simu-
lators.  Iach simulator was attached to a load
spreader beam which in turn applied load to two
points on the beam through load cells and load

FLGURTS 5.1

Testing arrangement for Frame B

hangers.  Fach load hanger was attached to a
shaft passing through the beam at its mid-depth.
The gravity load in cach column was applied by
One simulator on each side of the
column was attached through a load cell and a load
hanger to the ends of a large diameter shaft passing
through the top of the column.

A common pressure source was uscd for the beam

two simulators.

simulator jacks and another independent common
source was used for the simulators applying loads
to the columns.  ach air-to-oil pump source was
self regulating to hold the gravity loads essentially
constant throughout the test.

The boundary conditions imposed on the frames
required zero moments at the assumed points of
inflection above and below the main portions of
cach frame as described in Chapter 2. Therefore,
the base of cach column was bolted to a specially
designed hinged end fixture which utilized a larger
diameter shaft passing through roller bearings in
adjacent pillow blocks.  To distribute the applied
lateral foree, a link member was connected between
the shafts passing through the top half story col-
umns.  lach end of the link member was attached
to the shafts by means of roller bearing assemblies.

The lateral displacement of the top of the frame
was accomplished by cither turnbuckles on each

Bulletin No. 24 AIS| Steel Research for Construction



FIGURE 3.2, Attachment of lateral bracing fo beam and
column

side of the top of the frame pulling alternately or
by a mechanical jack attached to the center of the
link member.  For cither case, load cells were con-
nected in series with the displacement apparatus
to measure the corresponding lateral forces.

Special bracing linkages were used to brace the
frame without offering any restraint to in-plane

Reversed and Repeated Load Tests of Full-Scale Steel Frames
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Locations of lateral braces
movements (Fig. 3.2). The top flange of cach
beam was supported laterally at ecach load point
and at center span.  In a building, the floor sys-
tem would provide lateral support for the top
flange.  In addition, the lower flange was offee-
tively braced laterally by attaching the brace to
the inside of the adjoining columns two inches
below the beam flange.  Braces were also added
on the outside of cach column opposite the interior
braces. These column braces approximate lateral
support from beams framing to the column web.
The location of the beam end column braces are
shown in Figure 3.3 for all the frames tested.
3.3 Material and Cross-Sectional
Property Measurements

Preliminary data in cach test consisted of testing
three small specimens cut from each end of cevery
member as well as the stiffener material.  These
speeimens were tested in monotonie tension at a
very slow rate to observe the elastie, plastic and
strain hardening characteristies of the as-delivered
material. A summary of the measured vyield
stresses of all the material used to fabricate the
test frames is given in Appendix 3.



The actual dimensions of each end of each
member were measured and the cross-sectional
arca and section modulus were computed. In
addition, from the actual dimension and the static
vield levels measured in the tension tests the plas-
tic moment values and axial yield loads of the
members were computed.  This information is
also summarized in Appendix 3.

3.4 Mechanical and Electrical Measurements

Various types of data were taken during the
Vertical loads were measured through the
applied jack pressure and by means of load cells
at the points where the jack loads were applied to
the frame.  Horizontal loads were measured by
load cells which were in series with the lateral dis-
placement  apparatus.  Lateral  deflections  of
several points on each column were measured by
linear potentiometers or transits or a combination
of both. Vertical defleetions along the beams
were measured by survevor's levels,  Rotations
at various points throughout the frame were mea-
sured mechanically, electrically or by both meth-
ods.  Strains throughout the frame were mea-

tests.

sured by means of electrieal resistance strain gages.
The clectrical measurements were digitized and
automatically  punched onto  computer cards,
whereas various mechanical measurements were
recorded by hand and then punched onto the
cards.  In addition, the progression of yielding
and other pertinent data were logeed throughout
the tests by hand or photographically.

The locations of strain gages, rotation gages and
the various points around the test frames where the
vertical or horizontal deflections were measured
arce given in Appendix .

4. Experimental Behavior of Test Frames

4.1 Introduction

The following articles deseribe the basie test
results from the five frame tests. The deserip-
tions will be coneerned primarily with:

I. The shapes of the lateral load vs. deflection
hysteresis curves,

2. The magnitudes of the lateral load attained
during the test.

3. The stability of the size and shape of the load
vs, deflection hysteresis curves during re-
peated eycling at cach constant deflection
amplitude.

. The loeal behavior of the members and their

component plates as well as connections and
fabrication details.
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FIGURIS 4.1, Displacement program for Frame A

4.2 Single-Story Frame A

Fifty-one eyeles at various amplitudes of lateral
displacements were applied to Frame A with a
maximum displacement amplitude of 5.2 in.  The
largest eveled displacement was about 14 times the
deflecetion at the working value of lateral load.

Imitially, after alignment of the axial loads in the
columns had been completed, the preliminary
phase of the test began. The dead load portion
of the total gravity loads was applied to the heam
and columns.  Then, several eyeles of elastic range
displacements were applied to verify the complete
testing arrangement.

The basie gravity loads applied to the test frame
during the main portion of the test were 17.3 kips
at cach load point (at 0.275 L from the center of
cach column) and a total of 103.8 kips applied to
the top of cach column.

The controlled lateral displacements were then
applied to the top of the frame. The particular
lateral displacement program adopted for this
frame consisted of three cyeles at amplitudes of
0.2, 0.4 and 0.6 in.  Then five cycles were applied
at amplitudes of 0.8, 1.1, 1.4 (6 cycles), 1.7, 1.9,
2.2, 2.8 and 5.2 in. and the test stopped. Figure
1.1 gives the entire displacement program and the
numbers assiencd to the various eyeles.

/by EAST(in)

=

2 3 a4 5

FRAME A
Cycles 47,52 57

20

H-WEST
(kips)

FIGURE 4.2, Load vs. deflection curves at selected displace-
ment amplitudes for Frame A
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FIGURE 4.3, Stability of load v, deflection enrves for Frame A

The hysteresis loops for selected displacement
amplitudes for Frame A arc shown in Figure 4.2.
The maximum load obtained is about 409, greater
than the maximum load indicated in Chapter 2.

As in the case of the hysteresis loops generated
for the cantilever beam tests, the repetitions of the
cycles at all amplitudes indicated stable hysteresis
loops. However, for the frame the downward
sloping portion of the curves between the deflec-
tion at the maximum load to the maximum deflee-
tion shown in Figure 4.3 is important.  After the
maximum load was reached, the frame usually
would become unstable because of the P-A effect.
Wigure 4.3, however, indicates hysteresis loops are
dways stable and highly reproducible.

The test shows the significant influenee of strain-
hardening.  On cach of the large amplitude eyveles
of the frame, once the defleetion at the maximum
lateral load has been exceeded, the lateral load-
carrying capacity dropped off much more slowly
when compared with the theoretical monotonie
predictions that ignored strain hardening.

The curved shape of the hysteresis loops for
frames subjected to reversed loading is caused not
only by the Bauschinger effect in the material hut
also by the reduction in frame stiffness due to the
spread of yielding at the plastie hinge loeations as
indicated in Figure 4.4, The general shape of the
loops is also affected by the yvielding of the heam-
to-column connections (Ig. 4.5).

Figure 4.6 shows the moment vs. rotation hys-
teresis loops of the west column for eveles 34, 12
and 47. The moments plotted in the figure are
those extrapolated from the strain gage readings of
the beam. They are determined with respeet to
the center of the beam-to-columm  connection.
The rotations are the values obtained from the
rotation gages mounted at a distance 1 in. above
and below the horizontal stiffeners.  These loops
also have a curved shape, but are generally not
symmetrical because the moments are not equal for

Reversed and Repeated Load Tests of Full-Scale Steel Frames

FIGURIE 4.4, Spread of vielding in beam of Frame A

two equal lateral displacements applied at the
column tops.

Figure 4.5 shows the significant shear vielding
and distortions in the pancl zones of the beam-
to-column connections.  Close  examinations  of
the connections show that the distortion was more
extensive in the panel zone stiffened by diagonal
stiffencer.  In spite of the extensive vielding of the
pancl zones, hoth the diagonally stiffened connec-
tion and the doubler conneetion were capable of
transmitting a bending moment i excess of the
plastic moment of the beam.  Near the end of the
test, small eracks were observed in the welds at the
upper end of the diagonal stiffeners.

4.3 Three-Story Frame B

[Fifty-four eyeles at various amplitudes of lateral
displacements were applied to Frame B with a
maximum cycled amplitude of 10 in. The largest
cycled displacement was about 9 times the dis-
placement at working load.

FIGURI 4.5,

festing

Beam-to-column connections of Frame A after

11
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FIGURE 4.6. Moment vs. rotation hysteresis loops of west column of Frame A

After alignment of the columns had been com-
pleted, the dead load portion of the total working
gravity load was applied to the beams and col-
umns. Several cycles of displacement amplitudes
in the elastic range were applied to check out the
testing arrangement.

The total gravity load applied to each load point
of the beams was also 17.3 kips and that applied
to the top of each column was 69.1 kips.

The nominal lateral displacement program was
then applied to the top of the three-story frame.
The particular program consisted of three cycles
at amplitudes of 1.0 and 2.0 in. (cycles 5 through
10). Then five e¢ycles were applied at amplitudes
of 3.0, 4.0, 5.0, 6.0 (6 cycles), 7.0, 8.0, 9.0 and 10.0
in. (cyeles 11 through 51). After the five eycles
at 10.0 in. were completed, the gravity loads on
beams and columns were reduced to the dead load
portion of the total working gravity loads and two
additional ecycles were applied at an amplitude
of 10.0 in. (cycles 52 and 53). The test was con-
tinued by reestablishing the full working gravity
loads on the beams and columns. The test was
stopped after displacing the top of the frame to

12

about 13.5 in. to the east. The displacement
program adopted for this test is shown in Figure
4.7

The hysteresis loops for selected displacement
amplitudes for the frame are indicated in Figure

13.5"
8l
East F
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FIGURE 4.7. Displacement program for Frame B
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FIGURE 4.8, Selected load vs. deflection enrves for Frame BB

4.8, The maximum lateral load attained during
the test was also about 409, greater than the
maximum load predicted for the monotonic load-
ing.

The hysteresis loops repeated at all the dis-
placement amplitudes were stable also for this
taller frame. The downward sloping portion after
maximum load had been reached was also more
gentle as was the case for Frame A.

The hysteresis loops for the two 10-in. eyeles in-
volving reduced gravity loads (cyeles 52 and 53)
are identical to those obtained when the beams
and columns were loaded with full gravity loads.
The loop for cyele 52 (not illustrated) duplicates
closely the loop shown in Figure 4.8 for eycle 49.

As in Frame A, yielding occurred primarily in
the beams and connections. Yield lines extended
along the beams between the load points and the
connections (Fig. 4.9). The compression flanges
of the beams eventually buckled laterally. Fig-
ure 4.10 shows a top view of the buckled flange
near the west end of the second story beam. The
buckling of the flanges did not seem to affect the
stable characteristics of the hysteresis loops, be-
cause all the loops of the last seven eyeles of test-
ing (amplitude = 10 in.) are almost identical.

The shear yielding and distortion of the beam-
to-column connections can be seen in Figure 4.9.
These connections performed satisfactorily during
the test, they were able to resist bending moments
larger than the plastic moment of the W10X29
beam.

4.4 Single-Story Frame C with Noncompact Beam

Seventy cycles at various amplitudes of lateral
displacements were applied to Frame C with a
maximum displacement amplitude of 5.2 in.  The
largest cycled displacement was about 14 times
the deflection at the working value of lateral load.

The basic gravity loads applied to the test frame
during the main portion of the test were 17.3 kips
at each load point (at 0.275 L from the center of

Reversed and Repeated Load Tests of Full-Scale Steel Frames

FIGURE 4.9,

Spread of yielding in beam of Frame B

each column) and a total of 103.8 kips applied to
the top of each column.

The lateral displacement program, which is
similar to the program adopted for Frame A, con-
sisted of three cycles at amplitudes of 0.2, 0.4 and
0.6 in. Then five cyeles were applied at ampli-
tudes of 0.8, 1.1, 1.4, 1.7, 1.9, 2.2, 2.3, 3.3, 4.0, 4.6
and 5.2 in. Five additional cyeles were then
applied at 5.2 in. to investigate various conditions
in the beam-to-column connections and the panel
zones.  The test was stopped after displacing the
frame to the west to 11.8 in. and then removing all
loads. The entire displacement program adopted
in testing this frame is summarized in Figure 4.11.

FIGURIS 4.10.  Lateral buckling of second story beam of Frame
B
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As described in Section 2.3, Frame C is essen-
tially a duplicate of Frame A except that the beam
flanges have a b/t ratio of 21. The W8X40
columns for both frames A and C were from the
same length of steel. The beam of Frame C was
welded from selected plate stock which had ap-
proximately the same statie yield stress level as the
flanges of the rolled beam used in Frame A. The
depth of the welded section was also 10 in., but
its flange width was adjusted to give nearly the
same full plastic moment and elastic section modu-
lus as the experimental properties of the W10X29
beam. The experimental properties for the beams
used in Frames A and C show that Frame C is
slightly stronger and stiffer (Table I).
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FIGURE 4.11. Displacement program for Frame C

TABLE I. Comparison of Frames Aand C

| Section | Theoretical

Moment of | modulus, Plastic mazx. load,
inertia, I, S, moment, M, *H nax
Frame (in.Y) (in.%) ‘ (kip-in.) (kips)
A 166.9 322 1301 15.5
C 178.7 | 34.3 1349 17.2

* Determined using experimental properties for monotonic loading
condition.

Selected load-deflection curves for Frame C are
shown in Figure 4.12 for amplitudes of 2.2, 2.8 and

L0 D
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Cycles 4| 48, &7
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FIGURE 4.12. Selected load vs. deflection curves for Frame C

14

H- EAST

{kips]
Frame C
Cycle 48
Ay WEST (in )
1 " — 2 A —
4 a
by EAST lin}
Frame A —
Cycle 52

H - WEST
{kips}

FIGURE 4.13. Comparison of load vs. deflection curves for
Frame A and Frame C (small displacement amplitudes)

5.2 in. Local buckling did occur in the beam
flanges at relatively early stages of testing. How-
ever the hysteresis loops are apparently unaltered
by the flange buckling. This is illustrated in
Figures 4.13 and 4.14 where hysteresis loops of
Frames A and C are compared for two approxi-
mately equal lateral displacements. The maxi-
mum lateral loads obtained for similar amplitudes
of displacement of the two frames are shown in
Table II.

TABLE Il. Experimental Maximum Loads
of Frames A and C

Nominal displacement amplitudes (in.)
_ _:tf.’.? ‘ :;2(; ’ +5.2

Frame Mac. Iom-l ﬂb_ta;u; f:l'e_);n .t.es.f,-(ki';us) o
A 19.1 20.0 21.2
C 22.6 23.2 22.5

The maximum loads are consistently higher for
Frame C, even with extensive local buckling oc-
curring in the beam (Fig. 4.15). The relative
differences between Frames A and C are slightly
larger than the differences expected due to the
differences in the beam properties.

Near the termination of the original test plan
(cycle 69), fracture of the beam flange occurred.

Frame C
“ycle 67

H - WEST
fkips)

FIGURE 4.14. Comparison of load vs. deflection curves for
Frame A and Frame C (large displacement amplitudes)
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FIGURIE 4.15. Flange local buckling in beam of Frame C

At this point, the frame was repaired and addi-
tional testing was performed to study the following
two problems:

1. The necessity for placing shear stiffening in
the panel zone of the beam-to-column con-
nections.

2. The necessity for welding the beam web to
the column flange.

Figure 4.16 shows the effect of removing the
shear stiffeners. There is a definite decrease in
the stiffness and also a drop in the maximum load,
but the general shape of the hysteresis loops is not
significantly changed.

The next step in the testing was to cut the web
of the beam free of the column. The two erection
bolts (24 in. diameter) were inserted between the
web and the erection clip angle (refer to Fig, 4.15
for a view of the cast connection with the ereetion
bolts removed). The resulting behavior, as shown
by the solid curve in Figure 4.17, is essentially the
same as when the web was fully welded.

For a more conclusive comparison, the shear
stiffeners were replaced in the panel zone. Again

Fmree ————

Leyele 71 - Without Shear
Stiffering

ECycle &7 - With Shear ikips)
Shffening

FIGURE 4.16. Effect of removing shear stiffening in Frame C

Reversed and Repeated Load Tests of Full-Scale Steel Frames

Frame L - Without Shear Stiffening

H - EAST
(kips]

“Cycle 73 - Withou! Web H- WEST
Welded (kips)

FIGURE 4.17. Effect of a bolied web and shear stiffening re-
moval in Frame C

the effect of having the web welded to the column
flange or not is still apparently small, as shown by
the dashed curve in Figure 4.18.

Figure 4.19 shows the flange buckles developed
in the beam and the shear distortion of the beam-
to-column connections. The shear distortions
in these connections are more extensive than
those in the connections of Frames A and B.
This is because of the larger bending moment act-
ing at the connections in Frame C'. The connec-
tion stiffened by doubler plates suffered less shear
distortion than the diagonally stiffened connection.

4.5 Single-Story Frame D with Minor Axis
Column Orientation

Sixty-nine eycles at various amplitudes of lateral
displacements were applied to Frame D with a
maximum displacement amplitude of 5.2 in. The
largest cycled displacement is about 14 times the
deflection at the working value of lateral load.

The basic gravity loads applied to the test frame
during the main portion of the test were 17.3 kips
at each load point (at 0.275 L from the center of
each column) and a total of 103.8 kips applied to
the top of each column.

The lateral displacement program consisted of
three cycles at amplitudes of 0.2, 0.4 and 0.6 in.
Then five eyeles were applied at amplitudes of
0.8, 1.1, 14, 1.7, 1.9, 2.2, 2.8, 3.3 (10 cycles),

yele 67
Welded

FIGURE 4.18. Effect of a bolted web in Frame C
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FIGURI 4.19. Flange buckling in beam of Frame C

4.0, 4.6 and 5.2 in. The displacement program
adopted for this frame is similar to the basic pro-
gram used for Frames A and C and is shown in
Figure 4.20.

As can be observed in Figure 4.21, the load vs.
deflection hysteresis loops at the 2.8-in. amplitude
show the same stability as the previous tests even
though the columns were partially yielded. Fig-
ure 4.22 shows the yield lines in the beams, col-
umns and connections. Both columns were exten-
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FIGURE 4.20. Displacement program for Frame D

sively yielded near the connections due to the
combined influence of axial thrust and bending
moment. However, they remained essentially
straight and bent in double curvature during the
application of all the 2.8-in. displacement cycles.

During the 3.3-in. amplitude cycling the general
behavior of the columns changed from double
curvature to single curvature bending and the
hysteresis loops obtained did not show the same de-
gree of repeatability (Fig. 4.23). Eventually,
the entire frame could not be pulled back any more.
This was due to the very large P-A moments ac-
cumulated in the severely bent columns as can be
observed in Figure 4.24. At this stage the col-
umns were straightened and reinforced by cover
plates. These plates were welded to the flange
tips of the columns above and below the connec-
tions. This alteration was completed before
starting cycle 54. At the end of the test the frame
was displaced to the east to about 12.4 in.

The hysteresis loops obtained for the 3.3 (after
reinforcing), and 5.2-in. amplitude ecycling are
shown in Figures 4.25 and 4.26. The hysteresis
loops of Figure 4.25 are comparable with those of
Figure 4.21. The general shape of the loops is

H-EAST 329
S*P 6P {kips)
Pi iP .ﬁa
10
Ay WEST (in.)
o —— 1 | 1 L i S R
5 4 3 I 2 3 4 5
Ay EAST (in.)
10 FRAME D
Cycles 46,47,48
49
H- WEST
20 (kips)

FIGURE 4.21. Load vs. deflection curves of Frame D (2.8 in.
nominal displacement)
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FIGURE 4.22, Yielding in beam, columns and connections of Frame 1)

similar, but the maximum lateral loads are differ-
ent. Because of the added cover plates, the frame
was substantially stronger and therefore a higher
maximum load was obtained. The hysteresis
loops of all the cycles performed after reinforcing
the columns are stable and do not change from
cycle to eycle.
4.6 Two-Story Frame E with Hinges
in Columns and Beams

As mentioned in Section 2.5, Frame I was de-
signed specifically to study the behavior of col-
umns with plastic hinges forming at the two ends.
Lateral bracing was provided only at the floor
levels and at the column tops. The theoretical
analysis given in Figure 2.11 indicates that the

H-EAST

6P (1] (kips)
i '

Pi P ;l-l-EH

Ay WEST (in.)

1 1 1 1 | E—
5 4 2 3 4 5
Ay EAST (in.)
FRAME D
Cycles 50,51,52
53
H-WEST

(kips)

FIGURE 4.23. Load vs. deflection curves of Frame D (£3.3 in.
nominal displacement)

Reversed and Repeated Load Tests of Full-Scale Steel Frames

hinges would form at both ends of the middle eol-
umns. These columns were the eritical elements
in the frame and were expected to fail by inelastie
lateral-torsional buekling.

FIGURE 4.24. Severely bent column in Frame D
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FIGURI 4.25. Load vs. deflecticn eurves of Frame 1) (modified)
(£3.3 in. nominal displacement)

The gravity loads that were applied to the frame
and maintained throughout the test were 17.3 kips
in the beams and 86.4 kips at the column tops.
The axial load ratio, P/P, in the middle columns
is equal to 0.41 which is substantially higher than
those in the other four frames. The columns were
aligned under a set of gravity loads equal to about
half of the total values.

Thirty-nine cycles of controlled lateral displace-
ments were applied to the frame with a maximum
amplitude of 6 in. The displacement program
consisted of three eycles at amplitudes of 0.4 and
0.8 in. and five cycles at 1.20, 1.50, 2.0 (6 cycles),
3.0, 4.0, 5.0 and 6.0 (one cycle only) in. The
frame behaved satisfactorily during the first cycle
of the 6-in. displacement, but failed (unable to
reach the previously established maximum load)
in the subsequent eycle.  The actual displacement
program followed during the test is given in Figure
4.27.

Figure 4.28 shows the hysteresis loops for several
selected displacement amplitudes.  The maximum
load observed is 21.9 kips which is about 179
above the computed maximum load for the mono-
tonic loading condition. Visible yielding of the
column ends and the panel zones of the connections

6P &P H-EAST
(kips)

H, A

Ay EAST (in.)

FRAME D (MOD.)
CyclesTI, 72,73, 74

H- WEST
2071 {kips)

FIGURI 4.26. Load vs. deflection enrves of Frame 1 (modi-
fied) (+5.2 in. nominal displacement)
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l—-- Frame E

L { Modified)

-+

Lin)

West 4

S a——]
]

1B e s ot

FIGURE 4.27. Displacement program for Frame £

oceurred after the first two cycles of 1.20-in. dis-
placement. Yielding progressed rapidly in the
middle and upper columns during the subsequent
cycles, but no lateral or torsional deformation was
apparent in the columns.

After the third 3-in. cycle, the upper and middle
columns on the east side buckled suddenly like a
single column about their minor axis. The frame
was unloaded and an extra brace was added near
the lower end of the top column. The frame was
realigned and the test was continued. The hys-
teresis loops obtained before (cycles 24 and 25)
and after (cycles 26 and 27) this adjustment are
given in Figure 4.29.

During the second eycle of the 4-in. displacement
local buckling of the inner flanges near the upper
ends of the middle columns became visible.  Yield-
ing has spread extensively in the columns. The
same situation also developed in the upper col-
umns. However, the overall stability of the frame
was not significantly affected and the test was
continued. Twisting, together with out-of-plane
deformation of the middle columns, occurred
during the application of the first 5-in. displace-
ment cycle.  The combined effect of local buckling
and lateral-torsional buckling caused the middle
column to distort extensively. During the last

H-EAST
(kips)

~

5 6

FRAME E FRAME E (MOD.)
Cycles 18,24,29,34 Cycle 38

H- WEST
(kips) |20

FIGURE 4.28. Selected load vs. deflection curves of Frame I
and Frame 15 (modified)
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6 5 4 4 5 6
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FIGURIS 4.29. Load vs. deflection eurves of Frame 15 (24=3.0 in.

FIGURE 4.30.
I

Severe local buckling in upper column of Frame

Reversed and Repeated Load Tests of Full-Scale Steel Frames

20

Cycles 24,25,26,27

H-WEST
(kips)

nominal displacement)

of the 5-in. eyeles local buckling of the upper col-
umn (east) became so severe that the gravity loads
at the column tops could no longer be maintained.
The severe local buckling is shown in Figure 4.30.

The frame was unloaded again and cover plates
(14 x 6 x 14 in.) were welded to flanges (on the less
distorted side) of the upper columns. This was
done in order to force failure in the middle story.
The first eyele with a 6-in. maximum displacement
was then applied which resulted in very extensive
distortions of the two middle columns. Finally,
it became impossible to displace the frame to the
6-in. displacement without a drop in the applied
gravity loads. The test was stopped after the
second attempt to repeat the 6-in. hysteresis loops
had failed. Figure 4.31 shows the lateral and
torsional distortion and the spread of vielding near
the plastic hinges of the west column. The de-
formed configuration of the entire frame is shown
in Figure 4.32.

5. Observations Based on Experimental Results

5.1 Comparison of Maximum Experimental Loads

with Predicted Loads for Monotonic
Loading Condition

A considerable increase in lateral load capacity
i1s possible for frames subjected to conditions
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FIGURIE 4.31. Lateral and torsional distortion in middle
column of Frame I

FIGURE 4.32. Frame E after testing

20

similar to those existing in the experimental pro-
gram. The frames tested in the program were
single-bay in width and were subjected to con-
stant gravity loads on the beams and on the col-
umn tops. The ratios of the maximum applied
axial load to the axial yield load of the columns
varied from 0.25 to 0.47. The frames were braced
to prevent out-of-plane movements of the beams.
The horizontal displacement program should be
noted since other programs would change the
resulting frame behavior (Figs. 4.1, 4.7, 4.11, 4.20
and 4.27).

TFor Frames A, B and C a 409, increase in the
maximum lateral load was observed. The in-
creases for Frames D and E were about 30 and
179, respectively. These increases were based on
comparisons with the predicted maximum loads
for the monotonic loading condition. The effect
of strain hardening was not included in the pre-
dictions.

5.2 Stability of the Hysteresis Loops

The experimental results presented in Chapter
4 show the stability of the hysteresis loops during
the repetitions of cycles at each amplitude. The
curves seem to have equal stability for amplitudes
which are less than or greater than those at which
the maximum lateral load occurs.

During the test of Frame C, where the load was
expected to vary because of the influence of loecal
buckling, most of the loops remained stable. Only
in one set of eycles during which the diagonal stiff-
ening weld was breaking did the load decrease.

During the test of Frame D, after the columns
were partially yielded, the hysteresis loops of the
3.3-in. amplitude ecycles began to distort while
deformed configurations of the columns changed
from double to single curvature (Fig. 4.23).

The hysteresis loops of Frame IS remained stable
even after the columns have deflected noticeably
in the out-of-plane direction. The formation of
the plastic hinges at the ends of the columns did
affect the lateral stability of the columns. How-
ever, the overall structure appeared to be stable
and was able to undergo significant inelastic de-
formations in the direction of the applied load.
The hysteresis loops began to deteriorate only
after the center portions of the columns had
twisted and deflected very substantially.

5.3 Shape of Hysteresis Loops

The experimental curves presented show the
curvilinear nature of the load vs. deflection rela-
tionship. The shape of the hysteresis loops is
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affected by the reduction of member and frame
stiffness during the reversed and repeated loading.
The spread of yielding at the plastic hinge loca-
tions as well as the Bauschinger effect in the ma-
terial itself are contributing factors. Nonlinear
strain distributions at a cross section, nonlinear
stress vs. strain characteristics, effect of axial
strains and the P-A moments existing throughout
the frame are additional factors which influence
the shape of the hysteresis loops.

The role of strain hardening can be observed
by comparing the unloading slope beyond the
maximum loading computed for the monotonic
loading case with the similar slope indicated in the
tests. Apparently the experimental slope is about
14 of that indicated in the elastic-plastic analysis
without strain hardening. This contributes to
the energy-absorbing capacity of the ductile
frames.

5.4 Connection Details

All connections performed adequately during the
tests. The maximum moment applied to the
connections exceeded the plastic moment of the
beams by about 10 to 209,. For Frames A, B and
C the weld between the diagonal stiffener and
column flange became inadequate only after exten-
sive yielding had already occurred in the connec-
tions. The stiffener plate sizes and welds to the
column webs performed satisfactorily. The dou-
bler plated panel zones performed well through-
out the tests even with extensive yielding in the
later portions of the tests.

The possibility of low cycle fatigue was indicated
by fracture near the flange welds of the beam-to-
column connections of Frame C. This fracture
oceurred several times in the last few cycles of the
test.

The addendum to the test of Frame C also indi-
cated that shear stiffening of the panel zones of the
test frame helped to increase the maximum lateral
load (Fig. 4.16). It should be possible to allow for
the effect of connection distortion in design calcu-
lations if the expense of providing shear stiffening
is to be avoided.

The test results of Frame C also gave an indica-
tion that no significant change in lateral capacity
of the frame would be found if the beam webs were
bolted to the column flange instead of welding
(Figs. 4.17 and 4.18). Apparently, whether the
panel zone is stiffened or not does not affect this
conclusion.

The minor axis beam-to-column connections
used for Frame D had no apparent deficiencies.

Reversed and Repeated Load Tests of Full-Scale Steel Frames

5.5 Behavior of Frames with Noncompact Beams

Based on the behavior indicated by the single
test of Frame C, local flange buckling in a beam
does not affect the behavior of the frame. The
load vs. deflection hysteresis loops for Frame C
were stable in both size and shape at each deforma-
tion amplitude. The nominally eritical b/t ratio
for the A36 steel is about 17 based on earlier studies
for monotonic loading. The result of this test in-
dicates that a somewhat higher limiting b/t
ratio could be permitted for beams in building
frames.

The local buckling of the beam flanges during
equal amplitude cycling of the frame did not oceur
and disappear alternately. The alternating buck-
ling and complete straightening could not occur
since gravity loads were also on the beam. There-
fore, the completely reversed conditions which
have been evaluated previously in cantilever beam
tests should be examined carefully when applied
to frames subjected to combined gravity and
lateral loads.

5.6 Behavior of Frames with Columns Orientated
for Minor Axis Bending

As evidenced by Frame D, no particular prob-
lems will occur due to the column orientation if the
yielding is constrained to be in the beam only.
However, for columns with moments appreciably
exceeding the minor axis yield moment and ap-
proaching the fully plastic moment, the elastic-
plastic analysis is not completely suitable to define
the frame response.

5.7 Behavior of Frames with Plastic Hinges in
Columns and Beams

The general behavior of Frame E is not signifi-
cantly different from that of the other four frames.
The formation of plastic hinges in the columns did
not seem to change the shape of the hysteresis
loops. The bending moment values measured
during the test indicate that strain hardening also
occurred in the yvielded zones of the columns.  The
effect of strain hardening on the bending moment
is consistent with the observations made previously
from the results of a series of tests of beam-and-
column subassemblages (40). The response that
led to the eventual failure of the frame is inelastic
lateral-torsional buckling. The torsional deforma-
tion caused by buckling tends to increase signifi-

cantly under repeated applications of the lateral
load.

21



6. Summary and Conclusions

A series of tests on five full-seale steel frames
subjected to constant gravity loads and repeated
and reversed lateral displacements has been de-
seribed.  The loads assumed in the design of the
test frames were based on the current ascismic
design requirements as applied to an eight-story
single-bay structure (Fig. 2.2). The member
sizes of the first two frames (single-story Frame A
and three-story Frame B) were selected based on
the weak-hbeam, strong-column conecept and were
checked to satisfy the allowable-stresses specified
in the AISC Specification.  Elastic-plastic analy-
ses were performed on these frames for the mono-
tonically increasing lateral loading condition in
order to cvaluate the behavior and maximum
strength in the inclastie range.  The results of the
analyses also assured that no plastic hinges would
form in the members under working loads.

The third frame (Frame C) was essentially a
duplicate of Frame A except that the heam of this
frame had a width-to-thickness ratio exceeding the
limiting value specified in Part 2 of the AISC
Specification. The purpose of this noncompact
beam test was to investigate the effeet of inelastie
local buekling on the hysteretic hehavior.

The fourth frame (Frame D), was designed to
study the behavior of frames with columns ori-
entated for minor axis bending.  The columns, as
well as the beams, were yicelded extensively during
the test.

The behavior of frames designed based on the
strong-beam, weak-column concept was investi-
gated with the fifth frame (Frame I2).  The mem-
ber sizes of this frame were so selected that plastic
hinges would form first in the columns.

The beam-to-column conneetions were designed
as fully moment resisting and are similar to those
tested by Popov (18). In addition, the panel
zones were provided with shear stiffening (diagonal
stiffeners or doubler plates) in accordance with the
requirements of the AISC Specification.

In a building, the floor system would provide
lateral support to both beams and columns.
Henee, the beams in the test frames were braced
at the top flanges against out-of-planc movement.
Lateral braces were attached in pairs to the
columns at the floor levels. These braces pre-
vented both the lateral and torsional deformations
of the columns.

Based on the results obtained from this investi-
gation the following conclusions may be reached:
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1. Steel frames with fully welded moment-re-
sisting connections are very ductile and can un-
dergo large inelastic deformations, as much as 14
times the lateral working load deflection, when sub-
jected to repeated and reversed lateral displace-
ments.  For Frames A, C, and D, this corresponds
to a nominal drift index of 5.2/120 = 0.043 in
those tests.

2. The maximum load-carrying capacity of a
stecl frame under repeated lateral displacement can
be substantially higher than that under monotonie
loading. This is due primarily to the effect of the
P-A moment (44).

3. The presence of the P-A moment affects the
overall stability of a frame. For large displace-
ment cyeles, the hysteresis loops tend to reach a
maximum beyond which the lateral load decreases
in order to maintain cquilibrium.

4. The lateral load wvs. defleetion hysteresis
loops corresponding to a constant maximum dis-
placement are highly reproducible. This holds
true cven for displacements far greater than those
corresponding to the maximum load.

5. The shape of the hysteresis loops is affected
by the reduction of frame stiffness caused by yield-
ing and by the Bausehinger effeet in the material.

6. Strain hardening plays an important role in
frame response for displacements greater than
those corresponding to the maximum load. In
this displacement range, strain hardening inereases
the lateral load that is resisted and the energy that
is dissipated in repeated displacement eyeles,

7. Strain hardening also increases the moment
resisted at the ends of beams by about 10 to 209%,.
The conncetions transmitted these inereased and
repeatedly applied beams moments in spite of the
fact that plastic beam moments were used to
design the connections,

8. The results of I'rame O indicate that the
oceurrence of beam flange buckling in noncompact
beams does not change significantly the shape and
the reproducibility of the hysteresis loops.  How-
ever, the flange buckles tend to introduce high
local stresses in the beams near the connections.
A flange fracture occurred at this location during
cycle 69 with a drift index of 0.043.

9. The results of Frame C also indicate that
the lateral load capacity of a steel frame may be
reduced when shear stiffening is removed from the
panel zones of the beam-to-column connections.
The duetile and reproducible behavior of the frame,
however, appears to be unaffeeted.
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10. A comparison of the results obtained from

Frames A and D shows that the hysterctic behavior
of a frame is not changed by orientating its columns
for minor axis bending. No major differences in
the characteristies of the hysteresis loops was ob-
served during the test of Frame D for a nominal

drift index of 2.8/120 =

0.023 in spite of minor axis

column moments appreciably larger then the yield
moment.

11. The formation of plastic

hinges in the

columns does not result in any immediate change of
the hysteretic behavior of a frame, as illustrated by

the results of Frame E test.

However, if the

columns are not adequately braced in the perpen-
dicular direction, lateral-torsional buckling may
eventually cause failure of the columns under large
repeated lateral displacement cyeles.

Finally, it should be emphasized that the last

four conclusions are based on the test results pre-

sented in this report.

Further research would be

uscful to fully verify these observations.
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8. Appendixes
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Appendix 1 Aseismic Forces of the Eight-Story Prototype Frame

DETERMINATION OF

ASEISMIC DESIGN FORCES

The design forces were defermined according to the
procedure given in the Recommended Lateral Force

Reguirements of the Structursl Engineers Association of

California (seaoc).

kS

V=KCw

T= 0.8 sec.

Floor wt.  Height Pesign Force
W , kips hy, 1t Wix My Fx, kiPs
2le 80 1728 1238
216 7o 1512 121
21.6 Go 1296 1.04
216 50 oo 0.87
21.G 40 864 069
2l.& 30 e48 .52
21 20 432 035
216 10 216 o.17
2—172*8 T77& 623
, C - oS5
T

R C =0 0538

V=0C7x 005381728 = & 23 k)'/>s

FX =__ﬂ’i‘*_\/
ZWXhX

N F‘]+F2+ % +F4_ -+ Fs = 5.19 kIFS
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Appendix 2 Design Checks for Test Frames

DESIGN CHECKS FOR FRAME B Shest 1

Member Sizes and Dimensions

WI10x23 L1581 , Sx=308in
W IOX29
5 c_to.c span = 5L
I d
clear span = 4/-3%4
Q po s P
X - 3
m W Bx40 Ix=146in |, Sx=35.5in
2 Do >
=353 in , =204 in
T ‘} A=Ng it
b—e——- 18 sy
= : c-to.c height =10-0”
| v
e % clear height = ol 1%
A3 Steel

Be_nd"mg Moments and Axial Loads

For the Soad’mg condition shown Fig.2.6 and with

P=1728 kips and H=519 kips , the following bending moments

and axial loads were found to act st }o’m‘t 7

M3k
spk 1 434 k-in /';L* 397 k-in
(A =
873 k-in i
\_1_/439 k-in 790 k-in w-i-/zzoz k-in
132.5 k-in
Acting on Canterlines Acting on Clear Spans

Beam Check

fb=19%=.25.7 ksi 32 ksi Ok
30.
Allowable stress for combined
gr—avi{\r and seismic loads
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DESIGN CHECKS FOR FRAME B Sheet 2

Column Checks

The checks are made for the cdumns in the lowest
story of the test frame. A full column height (rot half
he_‘lght) is used.

E}:.E_lri/("_f—_: 278 same for both ends
£lg/ig
Effective length factor k=176 (from alignment chart)

KL _176-915.12 _ 55 L _215x12 _ 54

Fx 3.53 e | 204
Fa=179 ksi , Fe = 49.3 ksi

Increased bT 1/3 for combined 3ravi{‘T and seismic
loads

F5=179x4/3 - 23.9 ksi Fe = 493x4/3_.657 ks

3

Bending and axial stresses

fa=1225 _112 ksi . {222 _11.3 ks
1.8 355
Formula (16 .1a)

n.e 085x11.3  _ 0.4e9,0394 = 0.863
23.9 (1-113 Y204
657

Formula (1a_1b)

Nz . n3 _ O.38] L O35 2 0766
294 294
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DESIGN CHECKS FoR FRAME D Sheet 1

Member Sizes and Dimensions

W12x27  Ix=204

c-to.c span = B-0

-
clear Span = 14"~ 3%
[} ]
oo B 8 W8x48 Ij-co2 i , Sy180 ¥
: : A_4dlin |, Re=2.08 in
c to_c heighf =10-0
ARG Steel

clear height = 9-0"

Bendin% Moments and Axial Loads

For the bad'mg condition shown in Fig. 2.9 and with
P=1728 kips and H=5.12 kips , the. -Fo“owimg_ bending moments

and axial loads were found to act at joint 7.

/i‘* 392k-n __ _ 352 k-n
Acﬂng on
—agk-in ( l clear heig(«z‘t

Column Checks

The checks are wade for the lower columns of the
test frame. A full column height ( not half height ) is
used.

G = 1"/Lc

=09 same for both ends
= Is/La

Reversed and Repeated Load Tests of Full-Scale Steel Frames
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DESIGN CHECKS FoR FrRAME D Sheet 2

Effective length factor k<128 (from alignmert chart)

<l _ 128x9x12 _gg
rT 208

F3=16.9 ksi , Fd=3472ksi

Increased b\r 1/2 for combined grav‘\ﬁ and seismic
loads

Fa=16.2x4B =225 ksi , F =456 ksi
Fb— O75x36x4/3=36 ksi , OGx36x4/3 28.8 ksi

Benc{ina and zxial stresses

-_125 _s.85 =355 _23.¢
fa 14.1 ’ T 15.0

Formula (lLe-1a)
8.85 O.85x23.6 _ ©.393 4 0.692 — 1085

225  (1.8.85)3¢
45.6

Formula (1o-1b)

885 236 _ 0307, 0.656 = 0.95=
28.8 + 36 + 7

Bulletin No. 24 AISI Steel Research for Construction



DESIGN CHECkS FoRrR FRAME E Sheet 1

Member Sizes and Dimensions

W12x27 Ix=204 i

Bend'mg Moments

wi2x27 |, c_to_c Span = 1B8~-0”
3 Y
& clear span = 14 -4
3 bo ~
L ! WEBx24 Ix=825i" , Sx=208 i
:.. ______ _= 8 Vx=34-2 in 5 )"T=~.1GT in
!
| H A-706 il
]
»r . c_to_c heigln‘t =10-0
ARG Steel clear heiglﬂ{: = 9-0o

and Axial Loads

L;Y cover Pla‘hv_s

loading condi tion

S—

Since. the cdumns in the lowest story ave reinforced

, the critical columns i the frame are

those in the middle 5+orT ( between J'o'm'l‘.s & and 7). For the

shown in Fig. 2.11 and with P=1728 kips

and H=519 kips , the bending moments and axial loads

achns_ on the critical column are

076 k
408 k-in - 369 k-in

Achng on
clear he,igh‘t'

- 36] k-n 322 k-0

o7ze <

Reversed and Repeated Load Tests of Full-Scale Steel Frames
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DESIGN CHECKS For FrRAME E Sheet 2

Column Checks

G:gﬂ‘—_ =122 same for both ends
Tliy

Effectve length factar k=132 (from alignment chart )

KL _139x9x12 _ 44 , L 932 _a7
Fx 342 y 1.61
Fa< 167 ksi , Fd =771 ksi

Increased by 1/3 {for combined graviﬁ( and seismic loads

Faa167x4/3 =223 ksi , Fe=771.4/3-102.8 ksi

Behding and axial stresses

{a=1976 _15.3 ks , fp=3S2_ 177 ksi
70 20.2
Farmola (1.6_-13)

1‘:_;; Qf*‘;* 177 - ceosice0z <1301
22 1=
(1 __7028)29.4

Formula (1.6 -1b)

15.3 77 - o52]+0603=1124
204 + 29.4 *

Bulletin No. 24 AIS| Steel Research for Construction



Appendix 3 Cross-Sectional and Material Properties

TABLE Al. Average Section Properties*
Moment of | Moment of
wmertia nertia
Flange Web about x-r about y-y
Flange width, Thickness, Depth, thickness, Area, A axis, I, axis, I,
Frame Section by (in.) t; (in.) d (in.) tw (1n.) (in.?) (in.*) (in.%)
1) (2) 3 4) %) 6) " &) 9)
Frame A W10 29 5.800 0.520 10.37 0.304 8.87 167 16.9
(5.799) (0.500) (10.22) (0.289) (8.54) (158) (16.3)
W8x 40 8.075 0.543 8.24 0.376 11.5 141 47 .6
(8.077) (0.558) (8.25) (0.365) (11.8) (146) (49.0)
Frame B W10x 29 5.786 0.523 10.37 0.310 8.94 168 16.9
W8 40 8.036 0.556 8.28 0.384 11.7 145 48.1
Frame C Welded beam 7.899 0.390 10.42 0.321 9.25 179 32.1
WgXx40 8.075 0.543 8.24 0.376 11.5 141 47.7
Frame D W12x27 6.514 0.393 12.02 0.264 .09 204 18.1
(6.497) (0.400) (11.94) (0.237) (7.95) (204) (18.3)
W8 X 48 8.158 0.677 8.50 0.439 14.1 182 61.3
(8.117) (0.683) (8.50) (0.405) (14.1) (184) (60.9)
Frame E W12x27 6.514 0.393 12.03 0.264 8.09 204 18.1
W8 X 24 6.521 0.404 7.95 0.248 7.04 %2 18.7
(6.500) (0.398) (7.93) (0.245) (7.06) (83) (18.2)
* The values in parentheses are handbook values.
TABLE All. Static Yield Stresses, Plastic Moments and Axial Yield Loads*
‘ Plastie
Avg. static yield siress, o, (ksi) Plastic moment 1 momenl about
e o e Axial yield about x-xr axts, | y-yaris, M,
Frame Section Flange | Web load, P, (kst) Mps (kip-in.) (kip-in.)
1) (2) (3 “4) 5 () i ()
Frame A W10 29 34.65 41.10 325 1301 311
(36.0) (36.0) (304) (1235) (309)
W8X40 35.20 35.70 404 1360 632
(36.0) (36.0) (418) (1415) (663)
Frame B W10 X 29 34.73 41.60 330 1315 313
WR&X40 37.65 42.50 453 1507 687
Frame C Welded beam 34.61 37.66 329 1349 430
W8 x40 35.20 35.70 404 1360 632
Frame DD W12xX27 3498 41.79 303 1389 299
(36.0) (36.0) (283) (1321) (309)
WEX 48 30.11 32.94 435 1485 639
(36.0) (36.0) (503) (1745) (820)
Frame E W12X27 35.06 42.03 304 1394 300
WEX 24 35.42 36.84 251 820 308
(36.0) (36.0) (249) (813) (306)

* The values in parentheses are based on hundbook properties and an assumed yield stress of 36 ksi.

Reversed and Repeated Load Tests of Full-Scale Steel Frames

31



Appendix 4 Locations for Strain Gages, Rotation Gages and Deflection Measurements

|4

24"

' )
18" 18%" 24"
1 == == L P - AJ[* 14"
“4

24"
_ |O" 6-1 6" | —‘t'
g" ""*‘"‘1 ! Py I4n
- o ol e ! of e ° —* .
_e T ] ] 1 ol t4
In . .
— Deflection Measurement 24

® Rotation Gage

o o

FIGURE A1, Instrumentation for Frame A
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FIGURE A2, Instramentation for Frame B (strain gage locations)
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FIGURIE A3.

— Deflection Measurement

e Rotation Gage

a0

o

e

Instrumentation for Frame B (locations for deflection and rotation measurements)
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FIGURIS A4, Instrimuentation for Frame (!
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FIGURIS A5
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Instrumentation for Frame D
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FIGURI A6, Instrumentation for Frame I3 (strain gage locations)
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FIGURIS A7.
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