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The present paper is concerned with the effect of some important parameters on the
hysteretic behavior and energy absorption capacity of cantilever type compact steel box
columns subjected to combined constant axial load and cyclic lateral displacement. The
two-surface plasticity model, recently developed by the authors, is adopted for material
nonlinearity in the finite element method used in the analysis. The main parameters
concerned are: column slenderness ratio, axial load, steel grade and lateral load history.
The effect of these parameters on the hysteretic behavior and energy absorption capacity

is discussed and evaluated.
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1. INTRODUCTION

With the rapid development of urban high-
way and bridge constructions, steel bridge piers
of hollow box section have been widely designed
and constructed in Japan. Although portal frame
type piers are also used, the more popular type is
the single pier of cantilever type which consumes
less space. Since the performance of bridge piers
under extreme loading conditions, such as severe
earthquakes, is of great importance to prevent
disruption of the urban transportation network,
they must be designed to withstand such loading
without collapse.

During the last few years a large number of
experimental studies have been carried out to in-
vestigate the inelastic behavior of steel box beam-
columns of cantilever type, modeling bridge piers,
under the combined action of the dead load along
the axial direction and the cyclic lateral loads
arising from severe earthquakes!)—%). However,
an accurate analytical study of the hysteretic be-
havior of steel beam-columns has attracted lim-
ited attention®. From the experimental studies,
it was found that the main factors influencing the
inelastic behavior of steel box beam-columns are
the magnitude of the axial load, slenderness ra-

tio parameters, width-to-thickness ratios of the
plate components and cyclic mechanical proper-
ties of the material?). Also, analytical and ex-
perimental investigations under monotonic loads
revealed that strain hardening is very influen-
tial on the variation of ductility capacity of steel
beam-columns, which is considered to be one of
the most important parameter for evaluating the
seismic performance of structures®).

On the other hand, energy absorption through
hysteretic damping is one of the great interest in
seismic design. Because it can reduce the ampli-
tude of seismic response, and thereby, reduce the
ductility demand on the structure. That is, fur-

‘ther investigation is still needed to clarify the in-

teraction effects of the steel grade (material prop-
erties, such as, yield plateau, Bauschinger effect
and cyclic strain hardening), loading history and
structural parameters on the hysteretic behavior
and energy absorption capacity of the steel box
beam-columns under cyclic loads.

The present paper is concerned with the cyclic
inelastic large displacement behavior of com-
pact steel box beam-columns of cantilever type.
Here, “compact” means that no local buckling
effect need not be taken into consideration. An
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elastoplastic finite element formulation for beam-
columns, considering geometrical and material
nonlinearities, was coded and implemented in the
computer program FEAP?) used in the analysis.
The two-surface plasticity model®»® (25M), was
adopted for material nonlinearity.

The developed formulation accounts for the
cyclic behavior of structural steels within the
yield plateau, Bauschinger effect, cyclic strain
hardening as well as gradual variation of section
properties in line with the spread of plasticity
across the section and along the member length.

The proposed approach has the advantage of
avoidance of generating the moment-curvature
curve required in the lump plasticity method of
analysis. The cyclic plasticity performance of the
formulation was examined by comparing with ex-
periments and other models'®-12) | It was found
that the proposed beam-column formulation can
predict with a high degree of accuracy the exper-
imentally observed cyclic behavior of steel box
columns.

In this paper, the developed formulation is
used to investigate the effect of some important
parameters on the hysteretic behavior and en-
ergy absorption capacity of steel beam-columns
of compact box section. A series of numerical
experiments on hypothetical specimens are car-
ried out to study the cyclic behavior of cantilever
type steel box columns subjected to combined
constant axial load and cyclic lateral displace-
ment. '

The main parameters considered are: (1) Col-
umn slenderness ratio, A; (2) axial load; (3) steel
grade; and (4) lateral load history. Four values
of A, namely, 0.2, 0.4, 0.6 and 0.8, and three val-
ues of P/Py ratios (P, = squash load of the col-
umn), namely, 0.0, 0.2 and 0.4 which are almost
in the practical range are used. For each combi-
pation of A and P/P,, three materials , namely,
$S400, SM490 and SM570, with material prop-
erties and corresponding two-surface model pa-
rameters given in Table 19 | are assumed in the
analysis. For each material, two type of lateral
displacement histories, with constant and vari-
able displacement amplitudes, are applied. The
effect of these parameters on hysteretic behavior

and energy absorption capacities are discussed .

and evaluated.

Table 1 Material properties and 25SM parameters for
steel grades SS400, SM490 and SM570

Parameter $5400 SM490 SM570
E(GPa) 206.7 205.8 215.6
a,(MPa) 274.4 357 524.3
v 0.29 0.25 0.25
EP,JE | 2.49x10~% | 3.40x107% | 1.02x10~2
e, 1.53x1072 | 1.24x1072 0.00
a -0.505 -0.528 -0.553
b 2.17 1.88 6.47
c 14.4 18.7 348
a 0.191 0.217 0.175
e 5.00x10% | 3.16x10%* | 7.00x10%
f/E 0.30 0.484 0.361
M -0.37 -0.522 —
ESJE | 8.96x1073 | 1.01x10~% [ 7.85x10~3
w oy 3.08 4.0 2.67
Ko/oy 1.15 1.13 1.06
0u/oy 1.81 1.61 1.22
¢ 9.89x10~* | 1.52x10~% | 8.04x10~3

2. METHOD OF ANALYSIS

An elasto-plastic analysis based on the finite
element method'®, using a conventional beam-
column element of three displacements at each
node, is employed in the analysis of compact
steel columns. The analysis takes into account
the spread of plasticity through the cross-section
and along the length of member. In this ap-
proach, the member analyzed is divided into sev-
eral beam-column elements along its length, and
the cross-section is further subdivided into ele-
mental areas, as shown in Fig. 1 for a hollow rect~
angular section. Each of the elemental areas is
identified by, area dA;, distance from the section
centroid y;, residual stress and strain, and stress-
strain history. The incremental stress-strain re-
lation for each elemental area is described by the
25M9) .

In the present study, local buckling effect is not
considered so that uniaxial stress-strain relation-
ship (2SM) has been used in the analysis (mul
tidimensional constitutive law is not needed).
That is, only longitudinal stress () is considered
and so at any elemental area in the cross-section
(see Fig. 1) yielding is assumed to occur as a
result of longitudinal stress (o) only. The stress
resultants of axial force and bending moment are
calculated simply by assuming the contribution
of each elemental area over the cross-section!0).
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Fig. 1 Subdivision of section for a hollow
rectangular section

The details of the element formulation for
beam-column and the procedures of the numer-
ical analysis can be found in the references 10)
and 12). In what follows, the numerical results
will be presented.

3. NUMERICAL RESULTS

The cyclic plasticity performance of the for-
mulation was examined by comparing with ex-
periments of several steel members, such as, pin-
ended and fixed-ended columns of strut typel®
and steel box columns of cantilever type!). Also,
using the 2SM, the predicted hysteretic behav-
ior of experiments were compared with those
obtained from elastic-perfectly plastic (EPP),
kinematic hardening (KH) and isotropic harden-
ing(IH) material models. The results have been
presented in the authors previous papers in the
references 10) — 12). It was found that the pro-
posed beam-column formulation (25M), can pre-
dict with a high degree of accuracy the experi-
“mentally observed cyclic behavior of steel mem-
bers, both qualitatively and quantitatively, com-
pared with the EPP, KH, and IH models'®-12),
Consequently, it was concluded that the use of
EPP, KH and IH material models may lead to
an erroneous estimate of hysteretic behavior of
steel members in contrast to an accurate predic-
tion by the 25M. Also, it was found that the ini-
tial residual stress and an increase in the initial
deflection significantly decrease the initial buck-
ling load capacity and have almost no effect on
the subsequent cyclic behavior of the columa!D.

Based on the results of numerical experiments
using the developed formulation (25SM), in what
follows, the effect of some important parameters,
such as, steel grade, column slenderness ratio and
loading history, on the hysteretic behavior and
energy absorption capacity of the steel beam-
columns of compact box section will be presented
and discussed.

3.1 Specimens

All of the assumed specimens have square box
sections of size b = 600 mm; and t = 20 mm, as
shown in Fig. 2.
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(a) Side view  (b) Box section

Fig. 2 Specimen

The height of each specimen h, is calculated using

- Kh1l [o,

=T E ()
and corresponding parameters, in which A =
height of the column; K = effective length factor,;
r = radius of gyration for the cross section; oy =

yield stress; and F = Young’'s modulus.

3.2 Load sequences

After applying the prescribed constant axial
load, lateral displacement histories which con-
sists of fully reversed displacement cycles are
applied. The lateral loading history of type 1
is described for 10 half-cycles with a constant
peak displacement of §/6,0 = +4 (see Eq. 3 for
6y0). Whereas, in the loading history of type 2,
the peak displacement is increased stepwise af-
ter three successive cycles at each displacement
level; 6/6, = £2,44 and £6. In the analysis,
each specimen is divided into ten elements along
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its length and the cross section is subdivided into
8 and 17 layers, parallel to the axis of bending,
for each flange and web, respectively. Initial ge-
ometrical imperfection, residual stress and local
buckling are not considered. Also, based on the
results of experiments?), the axial strain is moni-
tored in the outer most fiber of the cross section

at point 1 near the base of the column (see Fig. 2;

h = h/40) where the stress reversals are severe,
in order to check cyclic response of the material
under different loading conditions. In what fol-
lows, some typical results will be presented and
discussed.

8.3 Cyeclic behavior

Figures 3(a) and 3(b) compare the normalized
lateral load H/Hyp-lateral displacement &/6y0
and the normalized axial stress o/oy-axial strain
- £/€&y responses for specimens of X = 0.4 subjected
to varying axial loads and lateral displacement
of type 1, respectively. The notations Hyg and
540 indicate, respectively, the yield load and yield
displacement (neglecting shear deformation) cor-
responding to zero axial load as follows

M,
HyO - ‘h—y (2)
and
H,oh®
Syo = —L—
W = 3 pT (3)

in which , My = yield moment; I = moment of
inertia; and h = height of the column.
Figure 3(a) shows that the lateral load carry-

ing capacity decreases as the axial load increases. -

Also, it can be observed that the stabilized state
for the lateral load-displacement hysteresis loops
is achieved after two cycles. The hysteresis loop
become thinner after the first cycle and later it
does not change significantly. The possible rea-
sons for this behavior are: (1) The length of plas-
tic zone stabilizes after the second cycle, because
the yield plateau disappears and the material ex-
periences cyclic strain hardening [thinning out of
the hysteresis loops in Fig. 3(b)]. Consequently
the spread of plasticity slows down and stabi-
lizes; (2) the Bauschinger effect (reduction in the
elastic range) of the material along the plastified
zone, which causes the slope of hysteresis curves
to decrease [consequently leading to a thinner
hysteresis loops in Fig. 3(a)], is more apparent
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Fig. 3 Effect of axial load (A = 0.4, $55400): (a)
normalized lateral load H/Hyg-lateral displace-
ment 6/8,0; (b) normalized axial stress o/oy-
axial strain ¢/e, at point 1 (b = h/40)

n

in the first two cycles than in the subsequent cy-
cles, see Fig. 3(b). This effect is as a consequence
of the larger rate of spread of plasticity in the
first two cycles; and (3) since local buckling is
not considered in the analyses, no degradation
of the load carrying capacity is observed as the
number of cycles increases.

Figure 3(b) shows that there is almost no ac-
cumulation of the inelastic axial strain (inelas-
tic deformation) in the absence of the axial load
(P/P, = 0.0) due to cycling. Whereas, the ax-
ial strain increases in the direction of axial load
(compression) due to lateral cycling under con-
stant axial load (ratcheting effect), see Fig. 3(b)
for P/Py = 0.2 and P/Py, = 04. It is worth
to note that similar behavior was observed from
the experiment which was accurately simulated
by the developed formulation (2SM)D.

As shown in Fig. 3(b), the rate of ratcheting
slows down as the number of cycles increases and
the material experience cyclic strain hardening.
Also, comparison between the results in Fig. 3(b)
shows that the rate of ratcheting increases with
the increase in axial load. This is an important
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point, because the ratcheting phenomenon causes
shortening of the plate components near the base
of the column where the plastic deformation is
large. Consequently, that may results a greater
trend for local buckling to occur.

Figure 4 compares the effect of slenderness ra-
tio parameter X, on the normalized lateral load
H/H-lateral displacement §/8,9 responses for
specimens of steel grade SM490 subjected to lat-
eral displacement of type 1 under constant ax-
ial load P/P, = 0.2. The results in this figure
show that as the slenderness ratio parameter in-
creases, the load carrying capacity of the column
decreases. The hysteretic loops stabilizes after
two cycles under various slenderness ratio param-
eters (see Fig. 4).
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Fig. 4 Effect of slenderness ratio parameter
(P/P, = 0.2, SM490): normalized lateral load
H/Hyg-lateral displacement §/,9

Figure 5(a) compares the normalized lateral
load H/H,qg-lateral displacement /8,9 responses
for specimens of steel grade SM490 and SM570
subjected to lateral displacement of type 2 under
constant axial load of P/P, = 0.2. Fig. 5(b)
illustrates the corresponding normalized axial
stress a/ay-axial strain /&, responses at point
1 (see Fig. 2, h = h/40). The main objective
of these results is to compare the effect of steel
grades and loading histories on the hysteretic be-
havior.

Comparison of the hysteresis loops in Fig. 5(a)

shows that: (1) Degradation in load carrying ca-

pacity, for both steel grades, occurs when cycling
is carried out within a small displacement range;

in turn increases the Bauschinger effect.
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Fig. 5 Effect of steel grade and loading his-
tory (A = 0.6, P/P, = 0.2): (a) normalized lat-
eral load H/H-lateral displacement §/6y9; (b)
normalized axial stress o /oy-axial strain €/g, at
point 1 (h = h/40)

8/6y0 = £2; (2) stabilized state of the hysteresis
loops is achieved after the second cycle for steel
SM490, while the loops stabilize after the first cy-
cle for steel SM570; and (3) the hysteresis loops
are much fatter for SM570 than the correspond-
ing ones for SM490.

All these observations may be mainly at-
tributed to the reason that steel grade SM570
does not exhibit yield plateau in contrast to
SM490, as can be noticed from Fig. 5(b) (see also
Table 1 for material properties). The existence of
the yield plateau causes a larger plastified zone
in SM490 specimen compared to SM570, which
As a
consequence, the hysteresis loops for steel SM490
become thinner.

Comparison of hysteresis loops in Fig. 5(b)
indicates that the ratcheting effect is more ap-
parent in the case of steel SM570 as a result
of severe stress reversals. However, cyclic load
carrying capacity does not degrade due to cyclic
stain hardening, see Fig. 5(a) for SM570. In the
second and third steps of loading, the hysteresis
loops for the steel grade SM570 exhibit a larger
descending behavior than that of the steel garde
SM490 for which it is not so significant. This is,
possibly, because of the larger ratchating effect
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and further spread of plastic zone due to higher
peak load in the case of SM570, see Fig. 5.

Figure 5(a) shows that the normalized cumula-

tive energy absorption capacity (defined later) for
steel grade SM490 (E = 181) is 22 percent lower
than that for the steel grade SM570 (E = 232).
This implies that the existence of yield plateau
has a reducing effect on the normalized cumula-
tive energy absorption capacity under the same
loading history.

3.4 Energy absorption capacity

Energy absorption through hysteretic damping
is of great interest in seismic design. Because it
can reduce the ductility demand on the struc-
tures by reducing the amplitude of seismic re-
sponse. In order to account for the loading his-
tory to which the inelastic performance of a struc-
ture is highly sensitive, a normalized energy ab-
sorption E, defined as ‘

_ )
E=—2% E; 4
EyO ; 1 ( )
-1
Eyo = §Hy06y0 (5)

is considered to be a more objective measure of

the cyclic inelastic performance of a structure?.

In Eq. 4, E; —energy absorption in the i-th half-
eycle, n = number of half-cycles (here, one half
cycle is defined from any zero lateral load to the
subsequent zero lateral load). ’

Using the above definitions, the results of nu-
merical analysis regarding energy absorption ca-~
pacity are summarized in Figs. 6-8 for the above
discussed three steel grades, various ), P/P, ra-
tios and loading history of type 1. In what fol-
lows, it is aimed to illustrate the effect of these
_parameters on the energy absorption capacity un-
der constant displacement amplitude cycling.

Figure 6 compares the normalized cumulative
energy absorption capacity, E versus the number
of half-cycles n, for steel grade SS400. It can
be observed that all the curves corresponding to
a specific P/Py, say P/P, = 0.2, and various
X almost coincide. It implies that the column
slenderness parameter, A, has almost no effect
on the normalized cumulative energy absorption
capacity. Another observation from these results
is that an increase in axial load P/P, decreases
the energy absorption capacity, especially when
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Fig. 6 Normalized energy absorption capacity-
E-number of half-cycles n, for steel grade SS400

the number of cycles increases. However this ef-
fect is less predominant.in case of P/P, < 0.2,
see Fig. 6. Similar results have been obtained for
steel grades SM490 and SM570. However, the re-
duction of normalized energy absorption capacity
due to increase in axial load is not so significant
for steel grade SM570 (see Fig. 7).

As described before, the existence of yield
plateau considerably reduces the stiffness of the
column and affects the shape (thinning out) of
hysteresis loops [see Figs. 5(a)], which in turns
causes reduction in the normalized energy ab-
sorption capacity under the same loading con-
dition. ’

Figures 7 and 8 compare the normalized energy
absorption capacity for the steel grades SS400,
SM490 and SM570. The results shown in these
figures indicate that the normalize energy absorp-
tion capacities for steel grades SS400 and SM490
are very close to each other and are lower than
that of steel grade SM570. The difference in nor-
malized energy absorption capacities increases
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Fig. 7 Effect of steel grade and loading his-
tory: normalized energy absorption capacity E-
number of half-cycles n, for steel grades SS400
and SM570

as the axial load and the number of cycles in-
creases (see Figs. 7 and 8). These observations
are mainly attributed to the fact that steel grades
SS400 and SM490 exhibit yield plateau, while it
is not the case for steel grade SM570.

4. CONCLUSIONS

The present paper was concerned with the
cyclic inelastic large displacement analysis of
compact steel box beam-columns of cantilever
type. An elastoplastic finite element formulation
for beam-columns, accounting for both the ma-
terial and geometrical nonlinearities, used in the
analysis. The two-surface plasticity model was
employed for material nonlinearity.

Using the developed formulation, a series of
parametric studies were carried out on steel
box columns, and the effect of some important
parameters, such as, column slenderness ratio,
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E‘; -—+-- SMS570 //
g ~
- H s
(3] v
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g 8 // P/Py=0.4
= @ Ps =
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Z < y ()
0 1 1 ) 1 Il

0 2 4 6 8 10
Number of Half-Cycles, n

Fig. 8 Effect of steel grade: normalized energy
absorption capacity E-number of half-cycles n.
(steel grades SS400, SM490 and SM570)

axial load, steel grade and lateral load history, on
hysteretic behavior and energy absorption capac-
ity were pointed out and evaluated. It was shown
that: (1) The column slenderness parameter, A,
has almost no significant effect on the normalized
cumulative energy absorption capacity; (2) the
stabilized state for the lateral load-displacement
loops is achieved after two cycles in the absence
of local buckling; (3) the yield plateau consider-
ably affects the shape of hysteretic loops and has
the effect of reducing the normalized energy ab-
sorption capacity; (4) the axial strain increases in
the direction of axial load (compression) due to
lateral cycling under constant axial load (ratchet-
ing effect). Whereas, there is almost no accumu-
lation of the inelastic axial strain in the absence
of the axial load; and (5) the rate of ratcheting
increases with the increase in axial load and it
slows down as the number of cycles increases and
the material experience cyclic strain hardening.
In this study no local buckling effect has been
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considered, though it is extremely important
when the behavior of steel bridge piers under se-
vere earthquake loads is investigated. The re-
search is now underway in Nagoya University.
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