Cyclic Yield Reversal in Steel Building Connections

EGOR P. POPOV AND R. BRUCE PINKNEY

For THE MoOST part, plastic analysis and design have in
the past been directed toward the study of proportional,
monotonically increasing loading to failure. This type of
loading is not entirely realistic for many applications,
however. The concepts of a shakedown analysis,® 723
while enlarging the scope of plastic analysis, result in a
structure which ultimately responds elastically, after a
few cycles of inelastic action. Severe earthquakes, on the
other hand, may induce considerable repeated inelastic
action in a structure, especially at the joints. This has
motivated study of steel members and connections sub-
jected to repeated and reversed loading. Except for an
earlier paper?® by Bertero and Popov, no tests of this type
appear to have been conducted in the United States,
although intensive research into the problem has been
carried out in Japan.10:18

Described herein are tests of 24 connection specimens
subjected to various cyclic, quasi-static loading sequences.
In addition to the behavior and the manner of failure of
the beams and their connections to the columns, the
hysteretic response of the beams under repeated and re-
versed loadings received particular attention.

Detailed results of this experimental program may be
found in Refs. 20 and 21.

SELECTION AND DESIGN OF SPECIMENS

A beam size of W8 X 20 was used throughout this series of
experiments. The proportions of this section are such
that the &/¢ ratio is similar to that of representative floor
beams used in high-rise steel buildings. Although this
member has a depth of only about one-third that of
beams used in actual construction, it is sufficiently large
to require no specialized fabrication procedures. The
beam was attached as a cantilever to a short column stub,
as shown in Fig. 1.
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All column stubs were fabricated from W8 X48 sec-
tions. This resulted in a column stub of considerable rela-
tive rigidity and minimized the rotation of the cantilever
at its support. It also ensured that the mechanism would
form in the beam, in accordance with current design
practice.!

The length of the cantilever was chosen to be ap-
proximately the scaled-down half-span length of a
representative prototype. The application of a concen-
trated reversible load at the end of the cantilever was
intended to simulate the distribution of bending moment
produced in a typical beam by a lateral load on a
structure. This distribution neglects the effect of gravity
loading.

Five different basic connection types were investi-
gated. In three of these, designated as F1, F2, and F3,
the beam was connected to the flange of the column.
In the remaining two, designated W1 and W2, the beam
was connected indirectly to the web of the column. All of
the connection details were chosen on the basis of their
practicability and their widespread use.

Connection Type F1—The simplest and perhaps most
widely used flange connection is Type F1, shown in Fig.
1. The entire capacity of the member is developed by
means of full-penetration single-bevel groove welds
applied to both flanges and web. Since all welding is done
in the field, an erection clip angle is provided for tem-
porary bolting and as a back-up for the vertical web
weld. This connection has been adopted in this paper
as the standard against which other connections are com:
pared.

Connection Type F2—Another basic flange connection
is Type F2, shown in Fig. 2. In this connection, moment
transfer is effected by top and bottom flange plates.
The rectangular bottom plate is shop-welded to the
column by means of a full-penetration single-bevel
groove weld. An erection clip functions exactly as for
Type F1. At erection time, the lower flange is fillet-
welded to the bottom plate; the tapered top plate is
groove-welded to the column and fillet-welded to the
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Fig. 7. Specimen Type F1.

beam flange. The top plate is so designed that at an as-
sumed critical section, the flexural capacity of the plates,
matches that of the beam section. The fillet welds are
then arbitrarily extended a little beyond this design
critical section.

Connection Type F3—The third flange connection,
Type F3, shown in Fig. 3, makes use of high-strength
bolts for stress transfer. Top and bottom flange plates
and web angle are shop-welded to the column, so that
only bolting is necessary in the field. In this case, the
web angle is used for shear transfer as well as erection
convenience. Since vertical clearance between beam and
plates is ordinarily provided for ease of erection, a thin,
loose filler plate is included at the top flange.
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Modified Connection Types—1In lateral force design of
a building, beam size is frequently dictated by drift
limitation rather than strength. In this case, a connection
is sometimes designed to develop only the calculated
stresses, and not the full strength of the connecting beam.
To examine the behavior of such a connection, two
specimens of Type 2 were fabricated with arbitrarily
thinner connecting plates. Designated as F2A and F2B,
they had top and bottom plates 1{g-in. and 14-in.
thinner, respectively, than the corresponding plates of
Type F2. All other details remained unchanged.

The Type F3 specimens were designed such that the
capacity of the net section of the plates matched the
capacity of the gross section of the beam, since there is
evidence® that the latter may be fully developed despite
the presence of holes. On the basis of the net section of
the beam, however, the connection was considerably
overdesigned. To compare the behavior of connections
with the connecting plates designed by different criteria,
therefore, two specimens of Type F3 were also fabri-
cated with arbitrarily thinner flange plates. One of
these, designated F3A, had connection plates nominally
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Table 1. Nominal Properties of Connection Plates

Top Bottom Minimum
Plate Plate Section
Thickness Thickness Modulus® Strength

Type (in.) (in.) (in.) Factor?
F2 15 34 17.3 1.02
F2A e e 15.1 0.89
F2B 34 14 12.8 0.75
F3 14 1s 17.1 1.01, 1.31¢
F3A e e 15.4 0.91,1.15¢
F3B 34 34 13.1 0.77,0.98¢

@ At nominal critical section for type F2; at net section for type F3.
b Based on gross section of beam except as indicated.
¢ Based on net section of beam.

1{g-in. thinner than those of F3. It was underdesigned on
the basis of gross section, and overdesigned on the basis
of net section of the beam. The other, designated F3B,
had plates nominally 1¢-in. thinner than had F3. This
connection was considerably underdesigned on the basis
.of gross section, but only slightly so on the basis of net
section of the beam.

The interrelationships among the basic connections
F2 and F3, and their modifications, F2A, F2B, F3A, and
F3B, are summarized in Table 1. Note that these are
nominal properties, based on specified dimensions, ex-
cept that actual hole sizes were used for the F3 series.

Connection Type W1—The first of the web connections,
Type W1, is widely used because of its simplicity. It is
shown in Fig, 4. Flush stiffener plates, welded to both
flanges and web of the column, provide for a direct butt-
welded connection to the beam flanges. The web plate
.provides for temporary erection bolting and transfers
shear in the completed connection through a fillet weld
to the beam web.

Connection Type W2—Instead of the flush stiffener
plates used in Type W1, tapered or shaped plates are
sometimes used, with the idea that a gradual change in
the cross section of the beam flange should reduce the
effects of stress concentration. Two specimens of this type
were fabricated and designated W2. Specimen W2A had
a tapered plate at the top flange and a shaped plate at
the bottom, as shown in Fig. 5. Specimen W2B had
exactly the reverse. It was thought that in this manner
a single specimen would provide information not only on
the behavior of a web-connected beam, but would also
point to any possible difference in performance between
the two types of plate.

Fabrication of Specimens—Throughout fabrication of
the specimens, an attempt was made to simulate the
physical orientation and welding sequences found in
actual construction. Weld back-ups were used only for
field welds, and all welds which would be vertical were
executed in that position. Professional inspection services
were procured for many specimens.
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Twenty-four specimens were fabricated for the ex-
perimental program described in this report. The five
basic connection types, together with the modified de-
tails for Types F2 and F3, constitute a total of nine dif-
ferent connections. Twenty specimens were made of
ASTM A36 steel, with each type represented at least
once. In addition, two each of Types F1 and F2 were
made of ASTM A441 steel. The latter are identified in
the sequel by the letters HS, as F1HS and F2HS, re-
spectively. The dimensions and details for these speci-
mens were the same as for those of A36 steel.
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Fig. 6. Test fixture with specimen.

EXPERIMENTAL INSTALLATION

The principal features of the test fixture can be seen in
Fig. 6. Provision was made to securely bolt the column
stub to the frame, projecting the cantilever beam hori-
zontally. Load was applied by means of a double-acting
hydraulic cylinder.

Lateral Guides—With the end of the cantilever corre-
sponding to the midspan of a prototype beam, it was
assumed that this would represent a point of inflection
in a laterally loaded structure. Since in the prototype
this point would therefore not tend to buckle sideways,
a guide preventing both lateral and torsional displace-
ment was provided at the end of the specimen. Further,
since the top flange of a beam in a building is typically
supported laterally by the floor system, a guide prevent-
ing lateral displacement of the top flange, but permitting
twisting, was provided at the middle of the cantilever.

Load Deflection Measurement—In the early experi-
ments, the deflection of the cantilever tip (point of load)
was measured intermittently by means of dial gages.
The load was measured simultaneously by means of a
load transducer using electrical strain gages as the
sensitive elements. In subsequent tests, continuous load-
deflection diagrams were automaltically plotted on an
XY recorder.

Strain Measurements—In many cases, single element
electric strain gages were applied in the center of either
the top or the bottom flange, or both, at an arbitrary
distance from the face of the column stub. By connecting
one of these gages to the horizontal input of an XY re-
corder, and the load to the vertical input, it was possible
to trace graphical load-strain hysteresis loops.

In several experiments, gages were also applied in
pairs directly opposite each other on the inside and out-
side faces of the toe of a flange. The difference in read-
ings from such gages was found to be a sensitive indicator
of the onset of local buckling.
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EXPERIMENTAL PROCEDURE AND OBSERVATIONS
Static Test F1-S—Since most of the readily available
experimental research on members and connections deals
with a single application of a monotonically increasing
load, such an experiment was performed for comparison
on one of the Type F1 specimens.

To obtain an idea of the strains developed in the
specimens during the experiment, the output from an
electric strain gage located at 1.50 in. from the column
face at the center of the top flange was monitored. At
about 0.29, strain, as measured by this gage, consider-
able yielding of the flanges and the web had occurred, as
evidenced by peeling and cracking of the whitewash
applied to the specimen. Strain-hardening commenced
at about 1.59%, strain, causing an increase of load until
the test maximum was reached at 4.59, strain. Com-
pression flange buckling was first observed when the
monitored strain was near 19%,.

The behavior of the specimen in this static test was
typical of the behavior many specimens previously re-
ported in the literature.

Selection and Control of Cyclic Tests—The main pur-
pose of these experiments, however, was to investigate
the behavior of the connections during cyclically re-
versed loading. Hanson has demonstrated® that hys-
teresis curves induced by static testing are in good
agreement with those induced by dynamic testing. The
cantilever specimens were therefore subjected to a quasi-
static concentrated load applied cyclically downward and
upward at the tip. The selection of the maximum mag-
nitude of the applied load, or alternatively, the applied
tip deflection, is a very complex matter. There is in-
terest in the manner of failure due to exceptionally high
loads, as may well prevail in an isolated joint of a build-
ing during an earthquake. There is interest in the
longevity of a connection under substantial overloads.
And for purposes of dynamic analysis of the overall
structural behavior of a frame, there is interest in the
amount of damping which can be relied upon immedi-
ately after the elastic range is exceeded.

In an attempt to answer such questions, at least par-
tially, a variety of cyclic loading programs was devised.
In most of the tests, the program of loading was such
that a sequence of increasing strain or deflection am-
plitudes was applied, with an arbitrary number of cycles
at each amplitude. However, as such regular increments
in the control parameters are not necessarily char-
acteristic of what may occur in a real structure, other
cycling programs were also used. In some cases, a con-
stant amplitude was applied throughout the test. In
others, very large displacements were applied initially,
followed by moderate, stepwise increasing amplitudes.
In order to identify a particular specimen, a cyclic pro-
gram designation was appended to the basic specimen
type, as for example, F1-C1, F2-C2, etc.
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Each test began with the application of three com-
plete cycles at a maximum nominal stess of 24 ksi.
These cycles produced essentially elastic response, and
served to check out the instrumentation. The schematic
diagrams for almost all of the cyclic tests, exclusive of the
initial elastic cycles, are shown in Fig. 7. Diagrams for
specimens having the same cycle program, namely C7
and C8, have been superimposed. Each diagram clearly
displays the maximum amplitudes of the tip-deflection
and the number of inelastic excursions to failure. Note
that the number of excursions into the plastic range is
twice the number of cycles, V.

Typical Hysteresis Curves—Load-deflection data were
acquired for every test with cyclically applied load. The
hysteresis loops showed remarkable reproducibility dur-
ing consecutive cycles of loading. As the areas enclosed
by these loops correspond to the capacity of a member
and its connection to absorb and dissipate energy, this
indicates high dependability. Slight reduction of peak
loads was sometimes detected after a large number of
cycles but was judged to be of little consequence.

The load-deflection hysteresis curves, in general,
resemble the well-known ones for the material itself.? It is
noteworthy, however, that the hysteresis loops in Fig. 8
remained stable even after severe local buckling of the
flanges had occurred. Such buckles were observed to
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appear and disappear cyclically, depending upon the
sense of the applied load. Thus the beam and its con-
nections were found to retain their load-carrying capacity
even in the presence of pronounced buckling.

The hysteresis loops for bolted connections are
unique. Slippage at the faying surfaces was responsible
for the characteristic shape shown in Fig. 9. Three suc-
cessive stages of structural action are discernible: static



frictional resistance, active slip, and bearing on the bolts.
The holes for specimens F3-C1 and F3-C5 were punched
the customary 1{¢-in. oversize. Conversely, the holes for
specimens F3A-C7 and F3B-C7, were drilled to a diam-
eter of 4144-in., or 144-in. over the nominal bolt size of
54-in. As might be expected, the hysteresis loops for the
latter two specimens exhibited a much smaller range of
active slip, so that they approached the typical shape
obtained for the other specimen types.

Figure 10 shows an example of hysteresis loops ob-
tained for load versus the strain measured at a selected
location. In the absence of buckling, these curves may be
interpreted as moment-curvature relationships. It is then

_possible to compute the load-deflection hysteresis loops,

using the area-moment method.!® During the time of this
investigation, unfortunately, facilities were not available
for determining cyclic stress-strain relationships from
coupon specimens.

General Behavior and Failure of Connections—It is
well known that members and connections can be sub-
jected to an extremely large number of load reversals
without distress, provided that the elastic limit of the
material is not exceeded. It appears that even if the
elastic limit is exceeded slightly, the number of strain
reversals before failure can still be very large. For ex-
ample, specimen F1-C3 was subjected to 100 cycles with a
tip-deflection of about 2.6 times its maximum elastic
deflection. At the end of this sequence, no significant
deterioration was noted, either in the hysteresis loops
or visually in the specimen itself. An additional 20 cycles
of much greater severity were required to fracture the
specimen.

Fig. 77.

Specimen F1HS-C117 at failure.

n

Unlike the experiment on specimen F1-C3, most of the
tests were designed to produce failures with a smaller
number of cycles. This was accomplished by increasing
the cycling amplitude at predetermined increments in
the number of cycles. With this in mind, several observa-
tions will now be made concerning the specimen failures.

A specimen was considered to have failed only when
an increase in deflection was accompanied by a decrease
in load, within the current cycling amplitude. There was
some variation in the mode of failure, as can be seen in
Figs. 11-14. Fracture was frequently in or near the welds,
with several failures occurring in the groove welds of the
flanges to the column face in the case of Type F1. Where
there were welded connection plates, as in Types F2, W1
and W2, cracks usually initiated at the ends of the welds
and propagated into the connecting plates. In severely
strained connections, cracks would often be initiated at
several locations and would then merge to precipitate
complete fracture.

In some specimens, cracks were initiated or aggra-
vated by the tack welds used to attach supplementary
rotation instrumentation.?! Sharp cornered web copes
were a recurring source for initiation of web cracks. A few
specimens failed due to complete fracture of a flange at
a buckled cross section. In general, cracks propagated
slowly as cycling progressed.

The behavior of the bolted connections was quite

_different from that of the welded ones. As noted pre-

viously, slippage between the plates and flanges was a
characteristic phenomenon, and was often accompanied
by loud bangs during testing. In connections with heavy
connection plates, such as F3-C1 and F3-C5, failure
occurred in the beam flanges at the bolt line farthest

Fig. 12.  Specimen F2-C7 at failure.
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from the column. Thinner plates failed through the
plates at the bolt line nearest the column.

Specimens W1-C1 and W1-C4 failed prematurely
due to poor workmanship during fabrication. Contrary
to design specifications, only about one-half of the flange
thickness was beveled to receive the weld. Moreover, the
beams were jammed tight against the connecting plates
prior to welding, eliminating any root opening. The
result was that the welds penetrated only one-half the
flange thickness, rather than the entire thickness, as
specified. In subsequent ultrasonic inspection, the indi-
cations produced by the unwelded contact surface were
mistakenly interpreted as being due to the back-up bars.

Fig. 13.  Specimen F3-C1 at failure.

Fig. 14. Specimen WT1-C9 at failure.
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The possibility of such an inspection error appears les:
likely for thicker material. Nevertheless, shop inspectior
prior to welding, not performed for these two specimens
seems essential. The other web-connected specimens per-
formed satisfactorily. The propensity for crack initiatior
in this type of connection appears, however, to be greate
than in the flange-connected type.

Table 2 contains a brief description of each failure.

Table 2. Failure Descriptions

Cycles to

Specimen  Failure Description of Failure

F1-C1 28 Flange buckling; crack at buckle,
bottom flange

F1-C2 2214 Flange buckling; crack near bottom
flange weld

F1-C3 120 Flange buckling; crack at top flange
weld

F1-C4 3914  Flange buckling; crack at stud at
bottom flange buckle

F1-Coé 32 Flange buckling; crack at top flange
buckle

F2-C1 18 Crack in top plate at end of weld

F2-C4 44 Transverse crack in top plate at end
of weld; longitudinal crack in top
plate weld

F2A-C7 3814  Plates buckled near column; crack at
bottom plate buckle

F2B-C8 3214 Bottom plate buckled near column;
cracked at buckle and at weld

F3-C1 914  Slight buckling of flanges; crack in to
flange at outermost bolt line

F3-C5 30 Crack in top flange at outermost bolt
line

F3A-C7 6514  First crack in bottom flange, outer-
most bolt line; second crack in top
plate at innermost bolt line;
actually simultaneous failure

F3B-C7 3314  Crack in bottom plate at innermost
bolt line

Wi1-C1 5 Crack at top flange weld; defective
welding

W1-C4 14 Crack at bottom flange weld;
defective welding

W1-C7 37 Crack from end of top flange weld
into plate

W1-C9 5114  Crack from end of bottom flange
weld into plate

W2A-C7 4614  Buckling of bottom plate; crack

initiated at cutting torch gouge in
bottom plate

Crack at weld in top plate

Flange buckling; crack at top flange
weld

Flange buckling; crack near top
flange weld

Slight buckling of flanges; complete
longitudinal crack of one top plate
fillet weld

Buckling of top flange and bottom
plate; crack at bottom plate-to-
column weld

W2B-C10 30
F1HS-C7 74

F1HS-C11 73

F2HS-C7

F2HS-C9




DESCRIPTION OF RESULTS Nomenclature

The quantitative treatment of fatigue phenomena has ¢ Energy ratio for single excursion
traditionally been probabilistic in nature, due to the N Number of inelastic cycles to failure
inherent impossibility of exactly reproducing material P Load
and geometric properties, and experimental technique, P, Plastic load
in two or more specimens. Such treatment requires, of r Ramberg-Osgood exponent
course, a statistically valid number of experiments, with W  Energy dissipated during one excursion
as nearly identical as possible input parameters. Thus, a Ramberg-Osgood parameter
although the present problem can be characterized in B Slope factor
part as one of low-cycle fatigue, the number and variety A Deflection
of specimens and the lack of uniformity of experiments A’ Residual deflection
preclude the use of a statistical approach. Fatigue theory, A, Elastic deflection corresponding to plastic load
therefore, cannot be used, and rational analysis directed p  Ductility factor
toward the prediction of such fatigue characteristics as mq Deflection plasticity ratio
expected life is not possible. The following analysis, then,
will be largely qualitative, except insofar as actual ex-
perimental data are presented. LOAD, P

Design Parameters—Of primary concern to the designer
are the strength and stiffness of a joint. Accordingly, the
parameters which have been chosen to describe the | II
design properties of a test specimen are the plastic load ELASTICJ/V :
and the elastic stiffness, as computed from the actual SLOPE :
geometry and material properties of the particular }
specimen, according to the specifications of the American |

|

1

A

PLASTIC LOAD, Po

Institute of Steel Construction. These parameters are
represented schematically in Fig. 15. Figure 16 shows the
parameters for all of the actual specimens, relative to the
as-detailed properties of specimen type F1. Fig. 75.  Design parameters.
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Hysteresis Diagrams—The load-deflection hysteresis
diagrams for a specimen contain considerable informa-
tion about its performance. In addition to providing a
continuous record of the relationship between load and
deflection, the diagrams make it possible to determine
the energy input to the specimen through integration of
the work done by the external load.

Except for diagrams which display evidence of
slippage, as do those for the Type F3 specimens, an
analytical expression is available for the description of
the typical nonlinear load-deflection relationship. Con-

ceived by Ramberg and Osgood? for the description of

nonlinear stress-strain curves, it has been adapted by
Jennings'?, Kaldjian* and others to the present purpose
and can be written
r—1
] 0

A P |:1 n

=2 - - a
A, P,

in which P and A = the load and deflection, respectively,

while a and r are positive real numbers.

P

PP

Equation 1 is the equation of the so-called ““‘skeleton”
or ‘“back-bone” curve.’16 Iwan!' has attributed to
Massing (Masing’®) the suggestion that the hysteresis
curve is identical in shape to the skeleton curve, but
enlarged by a factor of two. Following Masing’s hy-
pothesis, then, the related hysteresis curve can be gen-

erated by
A—A,-_P—-Pil_i_ P — P! )
24, 2P, “I2p, @
P
R
RAMBERG-0SGOOD
SKELETON CURVE
AP Bl -
a-2fie| 2] o
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Fig. 77. Masing’s hypothesis applied to Ramberg-Osgood function.
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The point (A, P;) is chosen as the point of last load reversal.
These relationships are shown in Fig. 17. The geometri-
cal implications of Egs. 1 and 2 have been explored in
detail elsewhere.!?:13

Figure 18 shows a typical example of the close fit of
the Ramberg-Osgood function to actual load-displace-
ment relationships. Based on an analysis of many hys-
teresis diagrams, suggested values of the Ramberg-Os-
good parameters are « = 0.5 and r = 8, for connections
free of slip.

Ductility Factor—A widely used measure of the cyclic
post-yield behavior of a structure is the so-called ductility
factor, denoted by u. Being the ratio of total deformation
to elastic deformation at yield, it has been variously de-
fined as that ratio for strains,!” rotations,! and deflec-
tions.®> The value of the ductility factor thus varies
widely, depending upon the definition used. That for
strain presumably depends almost exclusively on the
material, while that for rotation adds the effects of the
shape and size of cross section. When applied to deflec-
tions, the entire configuration of structure and loading is
incorporated. Another source of confusion arises over
whether the ductility factor is measured consistently from
the initial configuration of the system, or from the im-
mediately preceding no-load configuration. Thus, in any
analysis of the ductility factor, it is important to bear in
mind the definition used. Moreover, it becomes difficult
to generalize on the adequacy, or lack thereof, of the
ductility so measured.

EXPERIMENTAL CURVE

|
SCALES

Fig. 18. Example of least-squares fit—specimen F1-C2.



Plasticity Ratio—The previous definition of the
ductility factor is perhaps unfortunate; it includes the
recoverable deformation as well as the permanent, or
plastic, deformation. It is thus awkward to use as a
cumulative damage indicator. Furthermore, it is best
suited to steady-state response, as it is otherwise incon-
venient to keep track of the residual displacement at no
load. A more logical measure would seem to be the
ratio of residual plastic deformation to elastic deforma-
tion at yield. This ratio will be defined herein for deflec-
tions and will be referred to as the “deflection plasticity
ratio,” or simply the “plasticity ratio,” denoted by w4 By
restricting the definition in this way, the ambiguities
associated with the ductility factor, as outlined pre-
viously, can be completely avoided. Fig. 19 defines the
ductility factor u and plasticity ratio =, as used herein.

The magnitude of the plasticity ratio or ductility
factor which could be achieved was found to be simply
a matter of how much deflection was applied to the
beam. The maximum values applied to the specimen are
given in Table 3. It is emphasized that these are maxi-
mum values applied. In no case should it be construed
that an entire test was conducted with the tabulated
value; nor should it be construed that larger values could
not be attained for any specimen.

Cyclic Energy Dissipation—The dynamic response of a
structure is markedly influenced by the amount of energy
absorbed and dissipated during motion. Since response
is usually described in terms of displacement, it is of
interest to know how the cyclic energy dissipation is

H3
P ™ ‘
Pp j
(©)]
0)
A
Td Kp
Td2 © /

K2

Fig. 19. Definition of ductility factor p and plasticity ratio .
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Table 3. Maximum Applied Ductility Factors and
Plasticity Ratios

SPeCimen (Wd)ma.x HMmax SPeCimen (Td)max HMmax
F1-C1 12.2  13.9 F3A-C7 12.7 14.8
F1-C2 12.3 13.8 F3B-C7 8.3 9.8
F1-C3 8.3 9.7 W1-C1 2.2 3.5
F1-C4 9.5 11.2 W1-C7 3.4 5.0
F1-Co 14.5 16.1 W1-C9 4.8 6.2
F2-C1 9.8 11.3 W2A-C7 4.6 5.8
F2-C4 5.7 7.2 W2B-C10 3.6 4.8
F2A-C7 5.0 6.3 F1HS-C7 5.8 7.4
F2B-C8 7.3 8.5 F1HS-C11 6.0 7.2
F3-C1 13.3  15.0 F2HS-C7 3.0 4.2
F3-C5 11.8 13.4 F2HS-C9 4.8 6.2

related to displacement. Jennings'® has shown this rela-
tionship in terms of total displacement for steady-state
response, and based on the Ramberg-Osgood hysteresis
shape. Once again, however, the random nature of earth-
quake response makes it inconvenient to employ the total
displacement in this manner. Therefore, the permanent
deformation, as incorporated into the previously defined
deflection plasticity ratio 4, will be used.

It is convenient to define a dimensionless energy ratio
e = W/[(14)P,A,] based on the energy dissipated during
a single excursion. Figure 20 shows the relationship be-
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Fig. 20. Energy ratio vs. plasticity ratio.
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tween ¢ and m,; for each excursion for every specimen,
including those of Type F3, for which energy data were
available. A total of 1,730 points have been plotted;
points enclosed by triangles include data for the A441
specimens.

It may be noted that for low values of w4, the points
are well clustered near the least-squares fitted line. It
has been suggested elsewhere® that a ductility factor of
the order of 4, corresponding to a plasticity ratio of about
3, might be experienced in a structure. If so, then the
lowermost portion of the diagram of Fig. 20 would be by
far the most significant. Thus the line shown is proposed
as a reasonable estimate for relating the energy absorp-
tion to the plastic displacement for at least the two types
of steel tested.

Cumulative Energy Dissipation—Energy dissipation
has been suggested as a criterion of cumulative damage.?
One way to describe the history of a specimen, then, is
to plot the cumulative energy absorption throughout that
history. Figures 21 and 22 show these data for all speci-
mens. The slope of each curve indicates the rate of energy
absorption, while its terminus indicates the point at which
failure occurred. Both the total energy and the number
of excursions to failure can be read from this point.

It will be noticed that the Type F1 specimens show
consistently high energy absorbing capabilities, even
at- high rates of absorption. Furthermore, the specimens
of both types of steel performed well. Conversely, a
higher rate of absorption generally led to a shorter life.

On the whole, none of the other specimen types per-
formed as well as F1, in terms of actual energy absorp-
tion capability. Again, however, in the case of Type F2,
no superiority of one steel over the other could be dis-
cerned. A particularly interesting aspect of the general
performance is illuminated by a consideration of the
Type F3 specimens. The plates of specimen F3-C5 de-
veloped the strength of the gross section of the beam,
while those of specimen F3B-C7 developed only the
strength of the net section (refer to Table 1). As might be
expected, failure (i.e., opening of a crack) occurred in
F3-C5 at the net section of the beam, and in F3B-C7, at
the net section of the plates. Conversely, the plates of
specimen F3A-C7 developed a strength intermediate
between those of the gross and net sections of the beam.
Here, failure occurred simultaneously at the net section
of both beam and plates. This specimen was able to sus-
tain a considerably larger energy input than either of the
other two, leading to the conclusion that the greater the
volume of material over which the damage can be spread,
the longer the life of the specimen. The better perfor-
mance of the Type F1 specimens can therefore pre-
sumably be attributed to the severe flange buckling, while
damage was necessarily more localized in the plated
connections. This would also account, at least in part,
for the somewhat less satisfactory performance of the
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W-type connections, in that the stress concentrations
resulting from their configurations once again localized
the damage. It is concluded that, in general, a relatively
stiffer connection will suffer in comparison with another
more flexible one of the same strength.

Total Energy Dissipation—The total energy dissipated
by each specimen can be read from Figs. 21 and 22, as
previously explained. It is possible, however, to present
the failure points in terms of the accumulated energy
ratio Ze and the accumulated plasticity ratio 24, where
each summation is carried out over the total number of

excursions for each test. These data are shown in Fig.
23.
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Fig. 23.  Accumulated energy ratio vs. accumulated plasticity.

Figure 23 suggests that the total energy ratio at any
time in the history of a specimen is simply related to the
total plasticity ratio as accumulated to that time. Thus,
if the history of plastic deformation of a connection is
known, it is possible to obtain some idea of its expected
life, if it is at all similar to any of the specimen configura-
tions tested. Obviously, this procedure is extremely sub-
ject to the interpretation of the designer or analyst and is
qualitative only.
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CONCLUSIONS

Based on the results of this investigation, a number of
conclusions can be reached. Some of these are of im-
mediate significance to the designer; others may be of
importance for future research.

1. The load-deflection hysteresis loops for a steel
cantilever beam and connection are highly reproducible
during repetitive load application. This implies that
such an assemblage is very reliable, and can be counted
upon to absorb a definite amount of energy in each cycle
for a prescribed displacement.

2. Using total energy absorption as the sole criterion,
the performance of specimen type F1 in general excelled
that of any other type. No clear superiority was apparent
among the other types of connection. All sustained loads
in excess of their design limit loads until the onset of
cracking.

3. The ability to withstand severe repeated and re-
versed loading seems to be assured for properly designed
and fabricated steel connections; their intrinsic energy
absorption-capacity is large. Moreover, the number of re-
peated and reversed loadings which can be safely sus-
tained appears to be in excess of that which may be an-
ticipated in actual service, although this requires justifi-
cation by means of a dynamic analysis of buildings sub-
jected to seismic action.

4. The performance of specimens of A441 steel was
comparable to that of specimens of A36 steel. In the
specimens tested, higher loads were developed because
of geometric similarity. Energy absorption capability
was as good as or better than that for A36 steel. The
choice of steel depends upon the particular application.

5. The importance of careful inspection during
fabrication was brought out by the premature failure of
two improperly welded connections.

6. It has been demonstrated that flange local buck-
ling did not precipitate an immediate loss of load-carry-
ing capacity. Indeed, the ability to buckle and thus
distribute damage may be of significance in prolonging
the life of a member. Such distribution of damage, or
lack thereof, has been related qualitatively to the respec-
tive longevities of the specimens tested.

7. The energy absorption capacity, as measured by
the size of the hysteresis loops, increases with increasing
tip deflection. A simple linear dependence of the dissi-
pated energy per cycle upon the residual deflection has
been suggested.

8. The plasticity ratio has been defined and pro-
posed as a more useful measure of post-yield performance
than the ductility factor.

9. The mathematical representation of a hysteresis
curve using the Ramberg-Osgood relationship has been
found to be highly satisfactory, in the absence of slip,
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justifying its use in analysis of structures subjected to
inelastic load reversal.

10. It does not appear possible on the basis of these
tests to formulate a rational approach to the prediction
of total energy absorption capacity. Only a qualitative
assessment may be made by means of direct comparison
with actual test results.

Finally, it must be emphasized that this paper is based
entirely on a single beam size, 8W20. Extrapolation to
members with other cross sections must be done with
caution.
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