INFLUENCE OF LOCAL BUCKLING ON CYCLIC BEHAVIOR OF STEEL BEAM-COLUMNS:

by Tsao MITANTY, Minoru MAKINO 'and Chiaki MATSUT 'L
SYNOPSIS In order to clarify the influences of local buckling on the hys-
teretic restoring force characteristics of steel beam-column, cantilever steel
columns of H-shape cross section were tested under constant axial load and
alternating horizontal load. Three main parameters involved in the tests are
the width-to-thickness ratios of the flange and the web and the axial load
ratio. Test results clearly show the deterioration of the restoring force
due to local buckling, particularly due to the web buckling occuring after
the-flange buckling. A set of empirical formulas are proposed to relate the
plastic deformation capacity of the beam-column to the width-to-thickness
ratio of plate elements.

INTRODUCTION Previous research works on the restoring force characteris«
tics of structures have been performed based on the ideal and simplified
conditions such that the deterioration of carrying capacity due to lateral
buckling of members and local buckling of plates elements does not occur.

In actual structures, however, the above mentioned ideal condition is not
usually satisfied under the strong earthquake motion, and thus it is im~
portant to elarify the effects of lateral and local buckling on the restor-
ing force characteristics of structures, paticularly on the plastic energy
absorption capacity of a structure which is the significant measure re-
presenting the overall resistance of the structure against strong earthquake
disturbances.

A few researches on the influence of local buckling on the behavior of
structual steel members were performed. Yamada, et al.[1] and Popov, et al.
[2] tested specimens with wide-flange cross section having small width-to-
thickness ratios of plate elements, and concluded that the influence of
local buckling on the behavior of beams and beam-columns were very small.
Fukuchi, et al.[3]obtained’ empirical relation between rotation capacity
and width-to-thickness ratio of the flange, based on the behavior of beams
tested under several loading conditions. A similar work was carried out by
Adams, et al.[4]. Climenhaga, et al.[5] analysed the post buckling behav-
ior of wide-flange beams, introducing the plastic hinge lines on the plate
elements, and showed that the influence of local buckling was considerable.
Vann, et al.[6] found that the influences of flange and web local buckling
on the hysteretic behavior of wide-flange beam-columns were remarkable.

In most of the works mentioned above, mainly investigated are the cor-
relation between deformation capacity and the width-to-thickness ratio of
flange plate elements. Investigated in the present study are the influences
of both flange and web local buckling on the cyclic behavior of beam-columns,
the experimental results of cantilever steel beam-columns being introduced.

TESTS Figure 1 showed the details of a beam-column specimen, which was
tested under constant axial load P and alternating horizontal load H. Load-
ing arrangement is shown in Fig. 2, where the out-6f-plane displacement and
twisting rotation are prevented at the tip of cantilever specimen. Test
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program was composed of two series; fifty six specimens of Series I tested at
large amplitude of plastic deflection, i.e., ductility factor u about 10 to
15, and thirty four specimens of Series II tested at small amplitude, p=2-5.

Parameters involved in the tests are as follows; b/t, d/w and P/Py,
where b is half width of the flange, 4 depth of the cross section, t and w
thicknesses of the flange and the web, and Py the yield-axial load. The
values of these parameters are tabulated in Table 1, with the name of speci-
mens. The depth and the width of H-shape cross section vary between 100 to
200 mm, and 75 to 135 mm, respectively. Effective slenderness ratio 28/1i
varies between 25 to U4O.

H-shape cross sections of specimens, expect for those marked by *, in
Table 1, were built up from the mild steel plates of thickness 3.2, L.5 and
6.0 mm, and high strength steel plate of thickness 6.0 mm. Twelve specimens
marked by % jere made of rolled H-shape, H-100x100x6x8, their flanges being
shaped to have the prescribed ratio of b/t. Six specimens in Series I mark-
ed by #* in Table 1 were annealed to leave cut the residual stresses, which
may affect on the behavior of specimens built up by welding. Test results
were compared with those of identical but unannealed specimens marked by #¥¥,
Mechanical properties of steel material used are given in Table 2.

HORIZONTAL LOAD-DISPLACEMENT CURVES Several experimental horizontal load
(H)-displacement(A) curves of Series I and II are shown by solid lines in
Figs.3(a) to (¢), and 4(a) to (c), respectively. In Fig.3 the results of the
initial loading cycle are shown. Marks v and V indicate the points where
flange and web local buckling were first observed visually in the tests, re-
spectively. Dashed lines represent the results obtained from the analysis of
the deflection of cantilever beam-columns by the numerical integration with-
out consideration of any local buckling. Moment-thrust-curvature relation is
calculated for the cross section replaced by a number of small elemehts, based
on the bi-linear hysteretic stress-strain relation of the material, as shown
in Fig. 5. Dash-dotted lines represent collapse mechanism lines based on the
reduced full plastic moment of the section due to axial load.

From the load-displacement curves obtained in the tests of Series I, the
following. general observations are induced: In case of specimens having b/t
equal to 8, the theory well predicts the experimental behavior until the web
buckling occurs, regardless of the values of d/w and P/Py; in case of b/t=ll,
the decrease in the carrying capacity due to the flange buckling before the web
buckling occurs depends on the value of d/w, but is observed to be not very
large, regardless of the value of P/Py; the decrease in the carrying capacity
of specimens having b/t equal to 16 due to the flange buckling is very severe.

Three distinet types of the hysteretic behavior are clearly observed
from the test results of Series II: The first type shown in Fig. 4(a) shows
gradually decreasing maximum carrying capacity, which is seen in the follow-
ing cases: b/t=8 and P/Py=0 regardless of the value of d/w; and b/t=8, d/w<
40, P/Py=0.3 and 0.6. In the second type shown in Fig. L4(b), the decrease
in the maximum carrying capacity is quite drastic in each cycle of loading,
which is observed in the following cases: b/t=8, d/w>k0 and P/Py=0.3; and
b/t=11 and 16, P/Py=0.6 regardless of the value of d/w. In the last type
shown in Fig. 4(c), the gradual decrease in the maximum carrying capacity
is observed after the drastic decrease takes place in the first few cycles,
seen in the following cases: b/t=11 and 16, P/Py=0 and 0.3 regardless of the
value d/w.
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PLASTIC. ROTATION CAPACITY  Figures 6(a) and (b) show M/Mpc-0/0pc relations
obtained from the specimens in Series I at the initial loading cycle. the
moment M and rotation © #re calculated from H and A as

M=H-8+P-A , ©O=A/% (1la,b)
where £ denotes the length, and they are non-dimensionalized by the reduced
full plastic moment Mpe due to axial load and

@pc=MPC'l/(2n'EI§ , 2n=k3cosk/(sink~k.cosk) (2a,b)
where Ei is the flexural rigidity and k=4‘/P/EI. From Fig. 6, it is clearly
observed that moment carrying capacity decreases due to flange and web
buckling.

Figures T(a)-(c) show the relations between plastic rotation capacity
Rm and ratio dﬁi&/w, where Oy is evaluated in ton/ecm?. Rm is defined as
Rm=0m/Cpc-1 _ (3)
where Om is the rotation corresponding to the point where the maximum moment
Mmax is attained. If Mmax<Mpc, Rm is taken equal to 0. Dashed lines given by

Rm=9.9-0.0157 (dvoy/w) for P/Py=0 (La)
Rm=10.8-0.100 (dvoy/w) for P/Py=0.3 (4b)

are empirical formulas deduced by the least squares from experimental results
of specimens having the value of bYOy/t about 15. For P/Py=0.6, the formula
could not be obtained because of few experimental data.

Guide to the Plastic Design of Steel Structures[7] recently published
by Architectural Institute of Japan indicates the limiting value of b/oy/t to
be 15. Dash-dotted lines in Fig. 7 indicate the limiting value of avoy/w sug-
gested by the Guide. Substituting the limiting values of d/0y/w suggested by
the Guide into Egs.(4a,b) leads to the values of Rm equal to sbout 8 and k4,
corresponding to P/Py=0 and 0.3, respectively.In Fig. 7 the data for b/oy/t
=20 and P/Py=0 indicate that the value of Rm depends on the value of d/oy/w,
but always exceeds 1 in the region where the value of d/0y/w is less than the
limiting value by the guide. The data for bvoy/t=27-30 and P/Py=0, and for
b/0y/t 20 and P/Py=0.3 indicate that the value of Rm is constantly equal to
about 1.

PLASTIC ENERGY ABSORPTION CAPACITY Figures 8(a)-(c) show the relations
between non-dimensional accumulated energy absorbed by the specimen Ze and
non~dimensional accumulated plastic displacement ZSP‘rZe and Zﬁp are defined
as follows:

Ye=(JAW)/(Hpc-Ape) ,  )8p=(}Ap)/Ape (5a.b)
Suppose that a H-A hysteretic loop is drawn at a certain loading stage, as
shown in Fig.8(b), quantities adppearing in Eq.(5) are defined as follows: AW
denotes the area of the loop, Ap plastic displacement involved in the loop,
Hpe and Apc the load and displacement at the intersection of the rigid-plastic
mechanism line and elastic line. When to evaluate )e and )ép by Eq.(5), loops
in which the maximum load carrying capacity in below the mechanism line are
not included. It is observed from Fig. 8 that the value of Ze is considerably
reduced by the increase in the value of width-to-thickness ratios of the flange
and the web. However it is interesting to note that approximately linear re-
lations are observed between §e and Zﬁp, independently of the values of b/t
and d/w, in each Fig. 8(a)-(c). Therefore, the plastic energy absorption
capacity may be evaluated in terms of cyclic deformation capacity ZSP.

The values of )8p are plotted against arguments of dvoy/w in Figs. 9(a)
-(c), where dashed line expresses an empirical formula

1log()6p)=2.42-0.0112- aVay/w for P/Py=0.3 (6)
obtained from the data for b/oy/t=15. Similar approximation could not be done
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for P/Py=0 and 0.6, because of few experimental data, but however it should
be noted that the value of )Op given by Eq.(6) is conservative for the cases
P/Py=0 and 0.6, since if the value of d/Gy/w is identical, the value of )dp
for P/Py=0.3 is less than those for P/Py=0 and 0.6, as observed in Fig. 8.
As observed in Fig. 9, the data for b/Oy/t>20 show the clear influence of
dvoy/w on the cyclic plastic deformation capacity, which differs from the
tendency observed in Rm~-dvoy/w relations in Fig. 7. For specimens having the
value of b/Oy/t larger than 20, the cyclic plastic deformation capacity may
be hardly expected in the region where d/Oy/w>TO, regardless of the value

of P/Py.

INFLUENCE OF RESIDUAL STRESSES Typical patterns of residual stress distri-
bution obtained from built-up specimens are shown in Fig. 10. The residual
stress pattern in the cross section near the bottom of the specimen differs
from that near the center because of the welding to fix the specimen to the
base. M/Mpc-0/0pc relations of unannealed and annealed specimens shown in

Fig. 11 by solid and dotted lines, respectively, in which the influence of
the residual stress is clearly observed.

SUMMARY AND CONCLUSION The behavior of steel beam-columns under constant
axial load and alternating horizontal load is experimentally investigated
using H-shape column specimens with various values of the width-to thickness
ratios of the flange and the web and the axial load ratio. Test results

show that the influence of the local buckling on the restoring force charac-
teristics is quite large. The drastie deterioration of the carrying capacity
is observed in the tests due to the web buckling which occurs after the
flange buckling, although the value of the specimen satisfies the require-
ment for the plastic design. In view of the test results, the plastic
deformation capacity and plastic energy absorption capacity are empirically
estimated in terms of the width-to-thickness ratio.
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