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The present paper is concerned with the cyclic elastoplastic large displacement be-
haviour of steel compression members, such as pin-ended columns and cantilever type
of box columns modeling bracing members and bridge piers. An elastoplastic finite el-
ement formulation for beam-columns was developed and implemented in the computer
program FEAP used in the analysis. The geometrical nonlinearity is described by the
modified approximate updated Lagrangian description of motion and the two-surface
plasticity model is employed for material nonlinearity. The formulation accounts for the
important cyclic characteristics of structural steel, even within the yield plateau, such as,
the decrease and disappearance of the yield plateau, reduction of the elastic range and
cyclic strain hardening as well as the spread of plasticity across the section and along the
member length. The cyclic elastoplastic performance of the formulation was found to be
good when compared with the experimental results and the results obtained from other

JSCE

material models.
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1. INTRODUCTION

An accurate cyclic analysis of steel structures
requires precise methods to predict the inelastic
large displacement response of structural mem-
bers such as bracing members and columns. This
has been the subject of intensive research work
and a variety of analytical methods were devel-
oped to simulate the hysteretic behaviour of steel
members in the past few decades?) ™).

The main research approaches used for the
cyclic analysis of columns may be classified as:
empirical (phenomenological) models®), plastic-
hinge models®»®) and elastoplastic finite element
models”). Although the empirical and plastic-
hinge models can provide a good insight into
the basic hysteretic behaviour of a structure, a
crucial drawback involved in these methods ‘is

the neglect of gradual plastification across the
cross-section and along the member length, the
Bauschinger effect, cyclic strain hardening and
residual stresses produced during hysteretic plas-
tic deformation which are important factors in
the overall response of the member?.

The more accurate models were based on fi-
nite element method considering geometric and
material nonlinearities”). This method is gener-
ally applicable to many types of problems, and it
requires only the member geometry and material
properties (constitutive law) to be defined.

Recently, various stress-strain relationships
were employed in the analysis by different re-
searchers, such as elastic-perfectly plastic, bilin-
ear with hardening, and trilinear with both strain
hardening and Bauschinger effect®). From these
studies, it was concluded that the spread of plas-
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ticity along the length and the Bauschinger effect
cause a reduction in the load carrying capacity
under cyclic loading®. On the other hand, stress-
strain relationship used in structural analyses de-
pends on the loading history to which the struc-
ture or structural members are subjected. There-
fore, an accurate and refined constitutive law

should be used to account for the general cyclic -

behaviour of structural steel which has a charac-
teristic yield plateau followed by strain harden-
ing. For this purpose, based on the experimen-
tally observed cyclic behaviour of structural steel,
a multiaxial two-surface plasticity model (25M)
was recently developed by the authorsi®A1):12),
This model can treat accurately the cyclic be-
haviour of structural steel even within the yield
plateau, such as the reduction and disappearance
of the yield plateau, Bauschinger effect and cyclic
strain hardening,.

The main objective of this study is to apply
the 2SM .developed for material nonlinearity to
trace cyclic elastoplastic large displacement be-
haviour of steel compression members, such as
pin-ended columns modeling bracing members
and cantilever type of steel box columns mod-
eling bridge piers. An elastoplastic finite ele-
ment formulation for beam-column, considering
geometrical and material nonlinearities, was de-
veloped and implemented in the computer pro-
gram FEAP3) used in the analysis'). The modi-
fied approximate updated Lagrangian description
(AULD) of motion'® is adopted in the element
formulation for geometrical nonlinearity.

In what follows, first the important character-
istics of the uniaxial 25SM, numerical procedures
and solution scheme are briefly presented. Then,
the cyclic plasticity performance of the formula-
tion is compared with experiments 15):16) ag well
as with results obtained from the elastic-perfectly
plastic (EPP), isotropic hardening (IH) and kine-
matic hardening (KH) material models.

The effect of initial residual stress and ini-
tial deflection on the cyclic behaviour of steel
columns are examined using the developed for-
It is found that the initial residual
stress and increase in the initial deflection have
only the effect of decreasing.the initial buckling
load capacity and do not affect subsequent cyclic
behaviour.

mulation.

It is shown that the developed formulation can

predict with a high degree of accuracy the ex-
perimentally observed cyclic behaviour of axially
loaded pin-ended columns and steel box columns
of cantilever type. Therefore, it can be used
in the nonlinear structural analysis; to generate
parametric data; and to check the accuracy of the
more simplified models.

2. UNIAXIAL TWO-SURFACE
MODEL

In the beam-column element formulation, the
cyclic constitutive law for structural steels is de-
scribed by the uniaxial 25M developed based
on the originally proposed by Dafalias and
Popov'”), and the experimentally observed cyclic
elastoplastic behaviour of structural steel grades
$5400, SM490 and SM5701°):1D:12) The impor-
tant characteristics of the uniaxial 25M, shown
schematically in Fig. 1, are briefly reviewed as
follows:

1. The plastic modulus EF | is expressed as:
p_ do

PP Z b )
where, E is the slope of the current bound-
ing line; 4 is the distance between the bound-
ing line and loading point (Say, point @2 in
Fig. 1) and is assumed always greater than
or equal to zero; 6;, is the value of § at the
initial yield state in the current loading path
(say, point @1 for path CD in Fig. 1); G is
called the shape parameter and is assumed
to be a linear function of § as follows:

bounding line {path DE)
P

L~ e o
Y 3 0

— =P
2 pl & |bounding line
2 ‘02_ 82 (path CD)

Fig. 1 Uniaxial stress o-plastic strain &7
curve
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B=ed+f (2)

where e and f are material constants.

2. The Bauschinger effect (reduction of the
elastic range) is expressed as a function of
the effective plastic strain (EPS) range (de-
noted as AEPS by Shen et al.l® ), which
is defined as the maximum amplitude of the
effective plastic strain that the material has
ever experienced!®,

3. The prediction of the end of yield plateau
is important in the evaluation of cyclic be-
haviour. Based on monotonic and cyclic ex-
perimental results, the disappearance of the
yield plateau is treated depending on the
EPS range and the plastic work.

4. In order to accurately predict the cyclic
strain hardening, the movement of the
bounding lines is introduced in the uniax-
ial 25M. The size of the bounding lines, &,
is defined as a function of the EPS range, 27
as shown in Fig. 1. The limiting value of
the size of bounding lines is assumed to be
equal to the tensile ultimate stress o, with
the increase in the plastic deformation'?.

5. The virtual bounding line and memory line
concepts are used to improve:the accuracy
of the model when cycling is random and
the reversed loading point does not reach the
memory line.

6. The slope of the bounding line, Ef’ in Fig.
1, is assumed to decrease with the plastic

~work.

It is worth noting that, in the uniaxial 2SM
model, all the parameters are obtained from ex-
perimental data under relatively simple loading

histories!®). The material properties and model

parameters for different steel grades, obtained by
the authors, are listed in Table 1, where E, oy, v,
and &%, denote the Young’s modulus, yield stress,
Poisson’s ratio and length of yield plateau for the
masterial, respectively. The other notations in Ta-
ble 1 are related to the model parameters and ex-
plained in detail in references 10) and 12). The
accuracy of the 25M has already been verified by
the experimental datal®):11):12),

Table 1 Material properties and 25SM parameters for
steel grades 55400, SM490 and SM570

Parameter 55400 SM490 SM570
E(GPa) 207 206 216
oy(MPa) 274 357 524
v 0.29 0.25 0.25
“Ef/E 2.49x107% | 3.40x10~2% | 1.02x107?
el, /ey 12.0 7.0 0.00
a -0.505 -0.528 -0.553
b 2.17 1.88 6.47
¢ 14.4 18.7 34.8
o 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 -
EFJE | 8.96x1072 | 1.01x1072 | 7.85%x107°
w - oy 3.08 4.0 2.67
Ko/ oy 1.15 1.13 1.06
oufoy . 181 1.61 ' 1.22
¢ €2 9.89x107* | 1.52x107° | 8.04x10™°

3. FINITE ELEMENT FORMULA-
TION

An elastoplastic analysis based on the finite
element method”), which takes into account the
spread of plasticity through the cross-section and
along the length of member, is employed in the
analysis of steel compression members. In this
approach, the member analyzed is divided into
several elements along its length, and the cross-
section is further subdivided into elemental areas,
as shown in Fig. 2 for a hollow rectangular sec-
tion. Each of the elemental areas is identified by,
area dA;, distance from the section centroid y;,
residual stress and strain, and stress-strain his-
tory. The incremental stress-strain relation for

“f___[
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y

Fig. 2 Subdivision of section and residual stress
distribution for a hollow rectangular section

—137—



each elemental area is described by the developed
25M discussed in the previous section. In the
following discussion the element formulation for
beam-columns is briefly presented.

3.1 Beam-column element

The assumptions employed in the analysis
are those of Bernoulli-Euler beam theory and
the geometry within the element is interpolated
from the nodal parameters using Hermitian cu-
bic shape functions”). Local buckling is not con-
sidered in the analysis. The modified AULD of
motion proposed by Jetteur et all4), is utilized
in the element formulation. In this approach,
beam elements are improved with the help of a
Marguerre-type theory!® which allows an intro-
duction of initial deflections in the formulation
and a reduction in the number of finite elements
required to describe the nonlinear behaviour of
the structure 1),

The stiffness equation and equivalent nodal
force vector for the in-plane beam-column ele-
ment in the local coordinate system was derived
using the principle of virtual work. The stress
resultants of axial force and bending moment are
calculated simply by summing the contribution
of each elemental area over the cross-section.

The Gauss-Lobatto numerical integration
rule?®) is utilized in the present study to evaluate
integrals in the stiffness equations. The number
of sample points adopted is five. Once the stiff-
ness matrix and nodal force vectors of each ele-
ment are determined, they are transformed from
the local to the global coordinate system using
the usual transformation matrix. The full deriva-
tion of beam-column element is given in a work
by Mamaghani et al.l)

3.2 Solution scheme

The modified Newton-Raphson iteration tech-
nique coupled with the displacement control
method is used in the analysis. The details of the
solution procedure can be found in reference 21.
The displacement convergence criteria is adopted
in the analysis and the convergence tolerance is
taken as 1073, It is assumed that the ratio of
the Euclidean norm of the incremental nodal dis-
placement vector in the current iteration to the
maximum value of that in the previous iterations
to be less than the convergence tolerance?!).

According to the algorithm discussed above, an
elastoplastic beam-column finite element subrou-
tine program was coded and implemented in the
computer program FEAP®) used in the analysis.

4. NUMERICAL RESULTS

The developed formulation was used to predict
the experimentally determined hysteretic behav-
iour of several steel members, such as pin-ended
columns and steel box columns of cantilever type
subjected to cyclic loading. The results obtained
are also compared with those from bilinear EPP,
KH, and TH material models. The aim is to in-
vestigate the cyclic performance of the structural
members and to compare the effect of each ma-
terial model on the hysteretic behaviour.

Fig. 3 shows the uniaxial stress-strain rela-
tionship under monotonic loading for the two-
surface model (25SM) and EPP, KH and IH ma-
terial models. In the present study, based on the
experimental results for $5400 steell®, the kine-
matic and isotropic hardening rates are assumed
as El,/E = 1/84, which is taken equal to the
slope of the line joining the initial yield point
to the loading point corresponding to 5% axial
strain obtained by using the 2SM (see Fig. 3).

1.5 ¢

/
? /
§ Est/E /,——‘/;—
& ;| —y -7 EJE
— EPP  Be
osll iy Eq/E=1/84
Ey/E=1/53
—— KH & 1
0 1 ] | 1 I
0 1 2 3 4 5
g (%)
Fig. 3 Uniaxial stress-strain relationships for

different material models under monotonic load-
ing

4.1 Pin-ended columns

Pin-ended steel columns with solid rectangular
section studied experimentally by Wakabayashi
et al.'® are analyzed by using the theory and
numerical procedure described.
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A typical example presented here.is a column
of length L = 174 mm, width b = 15.45 mm
and depth d = 14.9 mm subjected to cyclic axial
load, as shown in Fig. 4. The slenderness ratio
X is 0.43, where X is defined as'®)

s KLl [o

=R @
in which L = length of the member; K = effec-
tive length factor; and r = radius of gyration for
the cross section. The specimen is made of SS400
steel with the material properties of Young mod-
ulus £ = 207 GPa, yield stress o, = 229 M Pa
and yield plateau range ¢, = 0.8%.

Pe— » +—>P

5\\~\€;;_,///?§Yﬁ
‘ V+50

L-u uv b

Fig. 4 Pin-ended column with a solid rectangu-
lar section (A = 0.43, L = 174 mm, b = 15.45
mm, d = 14.90 mm)

An initial imperfection of 6§(z) = fpsin(ra/L)
is assumed in the analysis, where the initial de-
flection at midspan of the member §y, is taken as
0.001L. In the analyses, ten elements are used to
discretize the member along its length and the
cross-section is subdivided into 14 layers. Com-
pressive load is applied first and it is assumed to
be positive. ‘

Fig. 5 compares the normalized axial load
P/P,-axial displacement u/u, and normalized
axial load P/P,-midspan deflection (v+dg)/d re-
lationships while the normalized maximum com-
pressive load P,/ Py -number of cycles for the
column is shown in Fig. 6. Here, P, is the squash
load; u, is the yield displacement in tension for
the column. Results obtained from experiment®®
and analysis using the 25M as well as the EPP,
KH and IH material models.

With reference to Figs. 5 and 6, the following
observation can be made. (1) The initial buck-
ling load [see Figs. 5(a) and 6] is slightly higher
in the experiment than that predicted by the an-
alyses using different material models. This may
be due to the experimental boundary conditions
(unavoidable friction at the hinged supports) and
the assumed initial imperfection in the analysis.
(2) The significant features of the hysteretic loops

-12 12
u/uy

EPP

1
—
N

i

-12 12 | 2
u/uo, |
—1.2 L™ 7 (v+dg)/d
H 1H

(b)

Fig. 5 Comparison between experimental and
predicted hysteretic loops (Legend as in Fig. 4)

in Fig. 5(a) is that all of the models except the
25M give the second and subsequent buckling
load capacities higher than those of the exper-
iment (see also Fig.6). The reasons are: (a) The
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Fig. 6 Normalized maximum compressive load
Ppoe/Py-number of cycles for the pin-ended col-
umn with a solid rectangular section (Legend as
in Fig. 4)

EPP and IH models do not consider the reduction
of the elastic range due to plastic deformation
(Bauschinger effect); and for the KH model the
size of the elastic range is taken to be constant
which does not represent the actual behaviour
of structural steel!®. In the case of the 2SM,
Bauschinger effect is taken into account accu-
rately through updating the size of yield surface
as a function of EPS range'® &, which has the
effect of softening the hysteresis curve (reduction
in stiffness), leading to a lower value of the buck-
ling load capacity; (b) the 2SM correctly treats
the yield plateau and cyclic strain hardening of
the material. This leads to an accurate predic-
tion of the axial load-midspan deflection [see Fig.
5(b)(2SM)] for the column, since the residual de-
flection of the column at the end of the previ-
ous tensioning has a large effect on the buckling
load capacity and subsequent cyclic behaviour.
As can be noticed from Fig. 5(b), the progress of
buckling is different for each material model. In
case of the IH model, in spite of large progress in
buckling [see Fig. 5(b)], the buckling load does
not decrease significantly due to the larger cyclic
strain hardening. Similar results were obtained
for the pin-ended columns with solid rectangu-
lar section of effective slenderness ratios A = 0.85
and 1.28 which are not presented in this paper.

Effect of residual stress and initial deflec-
tion: The effect of residual stress and initial de-
flection on the cyclic behaviour of steel members
are examined using the developed formulation.
As a typical example, the effect of longitudinal
residual stresses produced due to welding, on the
cyclic behaviour of a pin-ended column with a
hollow rectangular section is shown in Fig. 7.

P“’A\é_//é"?‘f_’l) }t
Lv+50 L-u \‘uj t*‘b id

P/P, 1

-1+

Fig. 7 Effect of residual stress (A = 0.82, b =
150.0 mm, d = 110.0 mm, t = 4.5 mm, g, =
266 M Pa, E = 197 GPa, %, = 10¢,)

The member, of effective slenderness ratio A =
0.82, was subjected to cyclic axial loading. The
material was assumed to be steel grade SS400.
Ten elements were used to discretize the mem-
ber along its length and the cross-section was
subdivided into 30 (3 X 10) and 15 elemental ar-
eas in the flanges and webs, respectively (Fig.
2). The assumed residual stress distribution over
the cross-section is also shown in Fig. 2 and is
uniform along the entire length on the member.
The tensile and compressive residual stresses are
taken as o, = 0y and o, = 0.40y, respectively.

The normalized axial load P/Py-axial displace-
ment u/u, relationship, shown in Fig. 7, in-
dicates that the initial buckling load capac-
ity decreases by 15%, from P/P, = 0.84
(corresponding u/u, = 0.85) to P/P, = 0.71
(u/uy = 0.91), due to residual stresses. How-
ever, the residual stresses have almost no effect
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on the subsequent cyclic behaviour of the column
(Fig. 7).

From the mechanical point of view these ob-
servations can be explained as follows. Resid-
ual stresses cause the fibers with an initial com-
pressive stress to yield before the applied load
reaches the yield strength of the material. Then,
yielding spreads progressively without significant
strain hardening due to the existence of the yield
plateau, as the load increases monotonically be-
fore unloading starts. Initially, this causes a re-
duction in compressive strength of the member,
while later both of the response curves, with and
without residual stress, almost coincide as can be
seen in Fig. 7. At this stage, the residual stresses
produced due to plastic deformation play a dom-
inant role in the subsequent cyclic behaviour of
the column as compared to the initial residual
stresses.

Fig. 8 shows the effect of various initial de-
flections, namely, 6o = L/1000 and L/3000, on
the cyclic behaviour of the above described pin-
ended column. The result in this figure shows
that the increase in the initial deflection has only
the effect of decreasing the initial buckling load
capacity and does not affect subsequent cyclic be-
haviour.

P/P, 1

~|

4
u/uy

——— 8,=L/1000
8p=L/3000

Fig. 8 Effect of initial deflection (Legend as in
Fig. 7)
4.2 Steel box columns of cantilever type

With the rapid development of urban highway
and bridge constructions, a large number of steel

bridge piers of hollow box sections have been de-
signed and constructed in Japan. They are nor-
mally designed as cantilever columns, see Fig.
9(a), or planar rigid frames. Since the perfor-
mance of bridge piers under extreme loading con-
ditions, 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.

A great number of experimental investigations
have been made on the inelastic cyclic behaviour
of steel box columns modeling bridge piers in re-
cent years'®)?2)-24), However, accurate results
can be obtained from analysis only by using a
cyclic constitutive law representing the realistic
behaviour of the material. In view of the above,
a series of numerical studies on the cyclic behav-
iour of steel box columns are carried out using
the developed formulation (25M) and the results

are compared with the test data'® as well as KH
and TH material models. The results for a typical
example (test UU11, Usami et al.'®)) presented
hereafter are intended to demonstrate the accu-
racy of the current implementation of the 25M
as well as the difference between use of the KH
and JH material models.

The tested specimen has a slenderness ratio
parameter of A = 0.4, width-thickness ratio
parameter'® of Ry = 0.3, dimensions and bound-
ary conditions as shown in Fig. 9(a). The param-
eter Ry inhibits local buckling of the flange and
X controls the global instability. It was subjected
to a constant axial load of P/P, = 0.2 and cyclic
lateral displacement of increasing amplitude at
the tip. The material used is steel SS400. Owing
to the smaller value of Ry local buckling did not
occur until loading point C' in the last loop as
shown in Fig. 9(b). Local buckling is not consid-
ered in the analysis and so the predicted results
in Figs. 9(b) and 9(c) are valid up to the initi-
ation of the local buckling at point C, see Fig.
9(b).

In the analysis, the specimen is divided into
ten elements along its length and the cross sec-
tion is subdivided into 8 and 17 layers parallel to
the axis of bending for each flange and web, re-
spectively. Initial geometrical imperfection and
residual stress are not considered.

Hysteretic Behavior: The normalized lateral -
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Fig. 9 Comparison between experimental (UU11'®) and analytical (25M) responses: a) specimen;
b) normalized lateral load H/Ho-lateral displacement §/6,0; c) normalized lateral load H/H -axial
strain ¢/e, (h = 853 mm, B = 177 mm, D = 127 mm, t = 10.5 mm, A = 0.4, Ry = 0.3 and h = b/2)

H/H, ,

-15 15
8/80

-2

(a) KH

H/Hyo 6 _

-15 15
8/850

61 |
(b) ITH

Fig. 10 Normalized lateral load H/H-lateral displacement 6/é,0 (Legend as in Fig. 9)

load H/Hy versus lateral displacement §/6y0
and axial strain ¢/e, responses from the experi-
ment and the 2SM are shown in Figs. 9(b) and
9(c). The axial strain is taken from the outer
most fiber of the cross section at point 1 near

the base of the column [see Fig. 9(a); h = b/2].
The notations Hyo and 6,9 indicate, respectively,
the yield load and yield displacement (neglecting

shear deformation) corresponding to zero axial
load?®.
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From Figs. 9(b) and 9(c), it can be observed
that the overall shape of the hysteresis loops
from the developed formulation (25M) are sig-
nificantly closer to the experiments mainly owing
to the accuracy of the 25M. These results indi-
cate that the developed formulation is accurate
enough in both the material [see Fig. 9(c)] and
structural [see Fig. 9(b)] levels. An observed
small discrepancy between experimental and an-
alytical (2SM) hysteresis loops is that the pre-
dicted cyclic load capacities [see Fig. 9(b)], in
both directions of loading, are slightly lower than
those of the experiment. The two possible rea-
sons are: (1) The yield stress of welding material
is much higher than that of steel 5S400, which
can lead the strength capacity to increase; (2) the
length of yield plateau (£,) for the plate close to
the weld may be reduced due to plastic deforma-
tion caused by welding, which in turns increases
the strength capacity of the column. The second
effect can be noticed by comparing the results
in Fig. 9(c), in which the predicted axial strain
along the envelope curve O AB is larger than that
of the experiment.

One important point to notice is that, as shown
in Fig. 9(c) for experiment, the axial strain in-
creases in the direction of axial load (compres-
sion) due to lateral cycling of the specimen un-
der constant axial load. This phenomena 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. Comparison
between hysteresis loops in Fig. 9(c) shows that
the developed formulation closely simulates the
experimentally observed cumulative inelastic de-
formation or ratcheting during cyclic loading in
the presence of constant axial load.

The corresponding normalized lateral load-
displacement hysteresis loops obtained from the
KH and ITH material models are shown in Fig. 10.
Comparison of the results in Figs. 9(b) and 10
shows that the lateral load carrying capacities,
for each half-cycle, are over-estimated by both
the KH model and, particularly, the IH model.
Also these figures indicate that the overall shape
of the hysteresis loops for the KH and IH grossly
differ from those of the experiment and 2SM.
Since as mentioned in the previous example, both
the KH and IH models fail to represent accurately

the real cyclic behaviour of steel 55400, such as
the yield plateau, strong Bauschinger effect and
cyclic strain hardening. It should be noted that
the load axis in Fig. 10(b) is scaled up by three
times compared to Figs. 10(a) and 9(b), to save
the page space.

Energy absorption capacity: Energy absorp-
tion through hysteresis damping can reduce the
amplitude of seismic response and, thereby, re-
duce the ductility demand on the structures.
Therefore, it is one of the great interest in seismic
design. In order to account for the displacement
history to which the inelastic performance of a
structure is highly sensitive, a normalized energy
absorption , E, defined as

E=L+3E (4)
E?/ =1
1

Ey = 'iHyanO (5)

is considered to be a more objective measure of
the cyclic inelastic performance of a member??),
In which, E; =energy absorption in the i-th half-
cycle, 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, Fig. 11 compares the normalized cu-
mulative energy absorption capacity, E versus
the number of half cycles n, obtained from ex-
periment and analysis using the 25M, KH and

m 600 - Exot /s
- - —4&— Expt. ;

S S00F a2 J F
()] r ) o]
§ 400 | /
B 3001
Ko OO'
S L
2 200
<,:‘ L

100 }

| P P P | 1 ]

O 2 M N
0 2 4 6 8 10 12 14 16
Number of half-cycles, n

Fig. 11 Comparison between experimental
(UU1119) and analytical responses; Normalized
energy absorption capacity E-number of half-
cycles n
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IH material models. From this comparison it is
clear that the KH and IH material models grossly
over-estimate the energy absorption capacity, es-
pecially as the number of cycles and displacement
amplitude increase, in contrast to the good pre-
diction of the 25M.

In summary, the important conclusion is that
the developed formulation (25M) exhibits the ca-
pability of duplicating the experimental results
more accurately, both quantitatively and quali-
tatively. Thus, it is recommended to use the de-
veloped formulation (25M) where possible, since
the EPP, KH and IH models may results in un-
realistic estimates of the ductility and energy ab-
sorption capacity.

5. CONCLUSIONS

The present paper was concerned with the cyclic
elastoplastic large displacement analysis of steel
members, such as pin-ended columns and can-
tilever type of steel box columns modeling brac-
ing members and bridge piers, respectively. An
elastoplastic finite element formulation for beam-
columns, accounting for both the material and
géometrical nonlinearities, was developed and
implemented in the computer program FEAP
used in the analysis. The 2SM, recently devel-
oped by the authors, was employed for material
nonlinearity.

The cyclic elastoplastic performance of the for-
mulation was compared with the experimental
results as well as with those obtained using the
EPP, KH and IH material models. It was shown
that:

¢ The formulation is applicable for any geom-
etry of the cross-section and takes into ac-
count the spread of plasticity and history de-
pendent parameters which are important for
accuracy of analysis. .

o The obtained results indicate that the reduc-
tion of the elastic range (Bauschinger effect)
has a significant effect on the shape of the
hysteresis loops and reduces the maximum
compressive resistance under load reversals.

o The residual deflection (progress in buck-

ling) of the pin-ended columns at the end of

previous tensioning has a large effect on the
reduction of the buckling load capacity and
subsequent cyclic behaviour. This behaviour

is accurately predicted by the developed for-
mulation.

e The initial residual stress and an increase
in the initial deflection significantly decrease
the initial buckling load capacity and have
almost no effect on the subsequent cyclic be-
haviour of the column.

e The proposed formulation accurately takes
into account the important cyclic charac-
teristics of axially loaded columns (bracing
members), such as yielding in tension and
buckling under compression, inelastic behav-
iour prior to buckling in compression , degra-
dation of post buckling compressive resis-
tance, deterioration of buckling load capac-
ity in subsequent inelastic cycles, progressive
degradation of tangent modulus during the
cycles, and plastic elongation in the column
length.

e The predicted hysteretic behaviour of struc-
tural steel members using the developed for-
mulation (2SM) were in good agreement
with the experimental results, both qualita-
tively and quantitatively, compared with the
EPP, KH, and IH models.

Comparison between the experimental results
and predictions indicates that these observations
can be mainly attributed to the accuracy of the
2SM employed in the analyses. This leads to the
conclusion that the 25M is quite promising to ac-
count for the material nonlinearity of structural
steels under cyclic loading. Therefore, it can be
used in the nonlinear structural analysis; to gen-
erate parametric data; and to check the accuracy
of more simplified models.
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