INELASWIC BEHAVIOR OF STEEL FRAMES SUBJECTED TO CONSTANT VERTICAL
AND ALTERNATING HORIZONTAL LOADS

by
T II III IV
Minoru WAKABAYASHI, Chiaki MATSUI, Koichi MINAMI and Isao MITANI

Introduction. For the study of the behavior of a structure under earth-
quake excitation, the restoring force characteristic has first tc be
known upto large deformation stage. In general, the loading situation
on framed structures during earthquake motion is characterized by alter-
nating repeated horizontal loading. Moreover, in the case of multi-
story frames, the existance of large vertical loads in columns of lower
stories becomes important to understand the true behavior of a struc-
ture. This induces the unstable feature of a structure and affects
greatly on the behavior of unbraced steel frames. Under these circum-
stances, the behavior of the unbraced frames has been fairly well clari-
fied under monotonic horizontal loading (1-L4), but comparatively less
studies on the frame behavior under the alternating horizontal loading
have been performed (5-9).

A bracing member is an effective earthquake- -resisting element in
steel frames, so that many kinds of bracing system are often adopted in
designing multi-story frames in Japan. The hysteretic behavior of a
braced frame is more complex due to the behavior of braces than that of
an unbraced frame. A few studies have been reported on this behavior of
braced frames under large amplitudes of inelastic deformation (10-13).

In view of these facts, an experiment was carried out to study the
inelastic behavior of both braced and unbraced steel frames under alter-
nating horizontal loading, using four full scale models. Two of them
simulated the lower story of a multi-story building frame. The behavior
under monotonic horizontal loading is also presented here for comparison
with that under alternating loading. Theoretical analysis was made so
as to study the hysteretic behavior of both braced and unbraced frames
tested. Theoretical results well predict the experimental behavior.

Test Program and Experimental Behavior. The test program consisted of
eight one-story portal frame specimens built up with rolled wide flange
sections and was composed of two series, each containing four specimens.
One series was prepared for unbraced frames and the other for braced
frames., The test frames and the loading program are shown in Fig. 1 and
Table 1, respectively. The material is mild steel called Sshl, having
proved yield point stress above 2.5 t/cm?and ultimate stress scattering
from 4.1 to 5.2 t/cm?. The nominal beam~to-column stiffness ratio is
0.73 and the nominal ratio of the column height to the radius of gyra-
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tion is 34.7 in all specimens. The experimental arrangement is shown in
Fig. 2. The details of the experiment may be referred to Ref. (11).

The test results are shown in Figs. 5(a) to 5(e). The following
experimental behavior could be observed from these figures.
Unbraced freme: The shape of the horizontal load-displacement hystere-
sis loops is greatly affected by the amount of the vertical loads on
columns. When the vertical loads are large, the instability phenomenon
appears in the hysteretic behavior. However, the maximum horizontal
restoring force recorded in each cycle increases. This phenomenon is
based on the facts that the axial compressive strain cumulated in col-
umns associated with the alternating plastic bending under the constant
axial force results in the increasing resisting moment of column sec-
tions due to the strain hardening (11), and in addition, that the resid-
ual F-A moments exist in the frame when reversed loading bigins (8). On
the other hand, when the vertical loads are not applied, the frame in-
stability does not occur and the hysteresis loop which is similar to
Masing's model is observed.
Braced frame: The hysteresis loops are guite different from those of an
unbraced frame owing to the effect of the post-buckling behavior of a
compressive brace and of the behavior of a tensile brace which has
residual buckled deflection. The instability effect of the constant
vertical loads on the overall behavior of a frame does not seem to be
significant in comparison with the case of an unbraced frame, since the
restoring force of a braced frame is much larger than that of an unbrac-
ed frame because of the tensile brace.

In both the braced and unbraced frame tests, it was observed that
the restoring force did not decrease when the local buckling appeared
in members, but decreased owing to the out of plane deformation of frame
members induced by the local buckling after a few subsequent cycles of
loading.

Theoretical Analysis. Theoretical analysis is performed in order to
study the hysteretic behavior of both braced and unbraced frames. For
the analysis of an unbraced frame, two types of the cyclic moment-cur-
vature relations, the one under no axial force and the other under some
axial force, are assumed as to be shown in Figs. 3(a) and 3(b). The
assumption seems to be appropriate according to the analytical results
based on the bi-linear stress-strain relation of the material (1k4). The
strain hardening factor T is assumed to be 1/100. Based on the above
moment-curvature relations, the load-displacement hysteresis loops of an
unbraced frame are strictly analyzed, taking account of spreading yield
zones in the direction of member axes, of the shearing deformation of
members. The connection panels are assumed not to yield.

For the analysis of a braced frame, it is discomposed into an un-
braced frame and bracing members, and then the behavior of each element
is independently analyzed. The restoring force of a braced frame is
assumed to be equal to the sum of the restoring force of an unbraced
frame and the horizontal component of axial force in bracing members at
the same displacement. The behavior of a brace under repeated loading
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is analyzed by Nonaka's theory (15), assuming that the effective length
of a brace is L/2 in Fig. 1 (b). The feature of the theory is to take
into account the axial deformation at a plastic hinge based on the flow
rule of plasticity, at which plastic bending and axial deformations in-
teract with each other. The analysis of an unbraced frame is based on
the plastic hinge method which takes account of the effect of the con-
stant vertical loads and the axial force in frame members due to the
axial force in braces, on the strength and rigidity of the frame. The
axial force in braces is assumed in an approximate manner as to be shown
in Fig. 4. 1In the figure, Nt is the yield load in tension and Nc is
assumed to be one fifth of the buckling strength, Ner, of a member with
the same effective length used in brace analysis.

The results of above mentioned analysis are shown in Figs. 5(a) to
5(e). In the analysis, actual section properties and actual material
properties of each frame member were used. They very well predict the
experimental behavior for both braced and unbraced frames.

Summary. The experimental behavior of braced and unbraced frames under
alternating horigontal loading is described, and the effect of vertical
loads on the hysteretic behavior of the frame is discussed. The frame
behavior under monotonic horizontal loading is also presented for com-
parison with that under alternating loading. The theory can predict

the experimental behavior.
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Table 1

TEST PROGRAM AND NOMINAL SECTION PROPERTIES

Loaping ConpiTions )
Nasie o Test Frase —— YloMINAL SECTION PROPERTIES
Hor1ZoNTAL
P (ton) P/Py CoLums Beam Brace

FHO 0 0 MowoToN Ic =% -1, o T
FH5 70 0.489 MonoTon1c —_ I.,,— B3 e %
Fco 0 0 RereaTED =% - _'L
FCs 7 0.516 REFEATED Lizsam | 25 1
BrMO Y 0 MonoTon 1c
BMS 70 0.542 MoNoTN IC A=51.2] cre A=37.66 ot A=9.94 ¢t € 6
50 0 0 RepeaTED 12880 cr* 14050 cre 12,6 ot Pl
5 70 0.557 RepEATED 2p=368.9 rm> Z,=365.9 cr? 7,58,0 2 yio0d
P+ coLumy LOAD Py : YIELD LOAD OF A COLUMN A ; CROSS-SECTIONAL AREA [ : SECTIONAL MOMENT OF INERTIA Ip : PLASTIC SECTION MODULUS
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