Volume 2 (Day 2)

STRUCTURAL
ENGINEERING &
CONSTRUCTION

Advances & Practice in East Asia &
the Pacific

Proceedings of the First East Asian Conference on
Structural Engineering & Construction

Bangkok, Thailand

January 15-17, 1986

Edited by

W. Kanok-Nukulchai

P. Karasudhi

F. Nishino

D.M. Brotton

Asian Institute of Technology

&

PERGAMON PRESS
OXFORD - NEW YORK : TORONTO - SYDNEY * FRANKFURT



UK.

U.S.A.

CANADA

AUSTRALIA

FEDERAL REPUBLIC

OF GERMANY

JAPAN

BRAZIL

PEOPLES REPUBLIC
OF CHINA

Pergamon Press Ltd., Headington Hill Hall, Oxford
0X3 OBW, England

Pergamon Press Inc., Maxwell House, Fairview Park,
Elmsford, New York 10523, U.S.A.

Pergamon Press Canada Ltd., Suite 104, 150 Consu-
mers Road, Willowdale, Ontario M2J 1P9, Canada
Pergamon Press (Aust.) Pty, Ltd., P.O. Box 544 Potts
Point, N.S.W. 2011, Australia

Pergamon Press Gmbh. Hammerweg 6, D-6242 Kron-
berg, Federal Republic of Germany

Pergamon Press Ltd., 8th Floor, Matsuoka Central
Building, 1-7-1 Nishishinjuku, Shinjuku-ku, Tokyo 160,
Japan

Pergamon Editora Ltda. Ruc Eca de Quciros, 346,
CEP 04011, Sao Paulo, Brazil

Pergamon Press, Oianmen Hotel, Beijing, People’s
Republic of China

Copyright © 1986 Asian Institute of Technology,
Ba.gkok.

All Rights Reserved. No part of this publication may
be reproduced, stored in a retrieval system or transmitted
in any form or by any means; electronic, electrostatic,
magnetic tape, mechanical, photocopying, recording
or otherwise, without permission in writting from the
publishers.

First edition 1986

ISBN 0 08 034081 4

In order to make this volume available as economically
and as rapidly as possible the authors’ typescripts have
been reproduced in their original forms. This method
unfortunately has its typographical limitations but it is
hoped that they in no way distract the reader.




THE FIRST EAST ASIAN CONFERENCE ON STRUCTURAL ENGINEERING AND CONSTRUCTION
Bangkok, January 15 - 17, 1986

ON PROPERTIES OF STEEL MEMBERS SUBJECTED TO
REPETITIVE LOADING HISTORIES

MASARU MINAGAWA ’ TAKEO NISHIWAKI
Research Associate Professor
Musashi Institute of Technology Musashi Institute of Technology
Tokyo, Japan Tokyo, Japan

NOBUTOSHI MASUDA

Associate Professor
Musashi Institute of Technology
Tokyo, Japan

SUMMARY

In this paper we propose an stress-strain model with high accuracy and
clearness to estimate the elasto-plastic hysteretic behaviors of structural
steels subjected to complicated repetitive loads. Material's characteristic
functions introduced in this model are fundamental surface size functions in
the stress space and weighting functions by which the sizes of multi-surfaces
corresponding to arbitrary stress-strain conditions are estimated. These
functions can be easily and unambiguously estimated by a combination of a
tension test and several tension-compression tests each including only one
unloading.

INTRODUCTION

When structures are subjected to complicated fluctuating loads due to
earthquakes, wind storms, waves and so on, stresses beyond the elastic-limits
of steels may reliably break out in members or parts of them repetitively. In
this case, even if the structures do not collapse, it may be expected that the
hysteretic effect reduces the load capacity or deformability of such a
structure from the level predicted in design. Because such problems are very
important and fuhdamental for structural design, the authors have investigated
the effect of loading histories on mechanical properties of steels , which are
the most important materials in civil engineering, and have accumulated
experimental data (11.

Although some studies on hysteretic stress-strain relations simulation of
steel members have been performed up to this time ( for examples 12-81), most
of them may not satisfy the following conditions;
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(a)applicable to arbitrary loading paths and structural steels,
(b)clear and simple for estimating material‘'s properties.

Petersson & Popov Model (P.P.Model) has the grounding in the multi-surface
plasticity theory [7,8] and has an advantage that only a few tests are
required to make up fundamental functions representing matertal properties.

The final purpose of this Investigation Is to complete an accurate
hysteretic model to predict elasto-plastic behaviors of steel structures or
members subjected to external forces in excess of those amount. In this
paper, a stress-strain model based on P.P. Model is studied with the emphasis
on the evaluation method of hysteretlc effects. Accumulatlve equivalent
plastic straln and fundamental surface size functions have Important roles in
the proposed model. To Inquire the effect of the difference of the estimating
methods of these quantities, elasto-plastic FEM analyses are performed using
several methods. And comparisons are made on stress-strain relations of
structural steels between actual test results and the calculated ones.

This paper shows that the hysteretic model, by which quasi-static
fluctuating stress-strain relations under nearly unlaxial stress fields can be
predicted, 1s sufficlently accurate from the engineering point of view.

PROPOSED STRESS-STRAIN MODEL --N.M.M. MODEL--

N.M.M. Model proposed here 1s based on the multl-surface plasticity theory,
adopted 1In P.P.Model, 1n which the surface sizes are affected by hysteretic
loading. Therefore we refer briefly to P.P. Model and then mention some
important features of N.M.M. Model.

In P.P. Model hysteretic stress-straln behaviors are represented by the
concept of expansion, reduction and movement of state surfaces In the stress
space. Each surface 1s defined by a surface size function K, by which the
size of each surfaces 1s expressed, and a vector {Q({} indicating its central
coordinates. In order to introduce the hysteretic effects to stress-strain
relattons, K and {Q{} are changed with the progress of loading histories. The
degree of hysteretic effect 15 described by the following state varlables;

Ka / Kb

0 Epi 0 Epi

) £

Flg.1. Petersson-Popov Model [7].
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where €p is accumulative equivalent plastic strain from the start time (to)
of loading to the time (tc) of the last reversal on the stress-strain paths,
and €pi is equivalent plastic strain increment from the time (tc) to the time
(ti) when stress-strain relation is to be predicted. In P.P. Model the surface
size function K is defined according to the following equation, introducing
Ka, Kb and W shown in Fig.l which are the functions of Ep and Epi.

K =WKa+ (1-W) Kb (2)

Where Ka is the surface size in the case where no hysteretic effect is and Kb
is that in the case where the hysteretic effect is stationary. The weighting
function W represents the change in the surface size function from Ka to Kb
due to loading histories and is evaluated by means of numerical calculation.
‘In this paper, Ka and Kb is defined as Fundamental Surface Size Functions
{F.S.S. Functions] and these are key functions for evaluating the surface size
function in any phase of loading.

A vector {QL} indicating the central coordinate of each surface is updated
in turn according to the progress of loading by the following equation

] (31 - (Ao} .
(i) = {QJ} + —————— (KI-Ki) (3
Ko

where {0} is a stress vector, subscript o means the initial condition and dot
represents the state of before the updating. The size difference of two
surfaces (i-th and Jj-th surface) before and after the set of differential
increment of equivalent plastic strain and the current loading direction
determine the vector {QL}.

\'A Vi

Accumulation of -equivalent plastic strain in the process of repetitive
loading is accomplished in the following way consistent with the results of
measurements . In Fig.2 a solid line shows an example of experimental results

I.CEE(MPa) ¢

Fig.2. Stress-strain curves in repetitive loading tests.
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of repetitive loading tests and a broken line shows one of monotonous loading
tests, and In each test unloading is applied at the point (D and the point Q'
respectively. If plastic strain is accumulated over all paths, accumulative
plastic strain at the point () are fairly greater than that at the point(@'. In
spite of this inference, the stress-strain curve on the path after the point (D
is much the same as that on the path after the point(D'. This experimental
result has to be understood that the plastic strain produced in repetitive
loading processes has to be separated in two components: one has an effect on
following stress-strain relations and the other does not.

of —= I°

E2-3<E1-2

Fig.3. Return phenomenon [2].

Yokoo and Nakamura and et al. [2) confirmed the following phenomenon shown
in Fig.3 by experiments and referred to this as " Return Phenomenon " ;

If a strain amplitude E.3 corresponding to a path (2) from the point @ to
the point @ is fairly small compared with its preceding strain amplitude €;-2 ,
the stress-strain curve from the point @ to the point @ after passing through
the point O ' near the point @ traces on such path that is the stress-strain
curve in the case where a load reversal does not occur at the point @

According to such a phenomenon, the stress-strain paths (2) and (3) do not
affect the stress-strain curve following to these paths. Basing on the above
mentioned experimental data, the accumulative equivalent plastic strain is

Plastic strain

| "

£> %

| j——
<‘://§

Fig.4. Paths accumulating equivalent plastic strain.
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evaluated under the assumption that the plastic strainm beyond the preceding
plastic strain amplitude is effective. As an example, thick lines in Fig.4
show the paths on which the equivalent plastic strains are accumulated.

Choi { £.5.5. Fupcti

D E
Ota B C
0 Epst E€
%
CD'/

Fig.5. Various types of unloadings.

Fig.5 shows some instances of stress-strain curves for tension-compression
tests. In general, when a steel specimen is stretched, the relation between
stress and strain is composed of three paths; elastic part, vield plateau and
strain hardening (0~A,A~C,C~E). When unloading occurs on the yield plateau,
Bauschinger effect takes place which is followed by an yield plateau in
compression region for the second time (0~A~B~B'). When it occurs at the start
point of strain hardening in tension region, vyield plateau in compression
region does not appear any longer (O~A~C~C'). Although the curve is similar
when unloading occurs in strain hardening region (0~A~D~D'), there appear the
different degree of Bauschinger effect. Accordingly, the characteristic
features of stress-strain relations for steels under repetitive loading
conditions are as follows;

(a)the disappearance of yield plateau in the successive hysteretic loading
processes when unloading is apPlied on yield plateau,

(b)the change in degree of Bauschinger effect when unloading is taken place
in strain hardening region.

It seems to be one of the necessary conditions for the stress-strain model
compatible with experimental results that the model may represent these
features.

In N.M.M. Model, to get better compatibility to experimental results, the
surface size function Kab has been introduced as one of F.S.S. Functions in
addition to Ka and Kb. Following the introduction of Kab, Wl and W2 is defined
as weighting functions so that a surface size function at a certain hysteretic
phase is defined as follows by means of these weighting functions;

K=Wi Kji+ (1-Wi)Kk
0 & Ep < Ep,st ; i=l, j=a, k=ab (4)
€p,st ¢ &p ; i=2, j=ab, k=b
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where €p,st is Ep at the start point of straln hardening on virgin stress-
strain curve. And €p,b is Ep at the point in which the hysteretic effect is
stationary. From the definitions of these functions, Wi=1 at £p=0, Wi=0 and
w2=1 at Ep= €p,st and W2:=0 at Ep=Ep,b. The function Wl expresses the
phenomenon that stress-strain curve changes continuously from the virgln
stress-strain curve, which is characterized by vield plateau and strain
hardening, to the smooth curve, on which Bauschinger effect is characteristic,
and W2 stands for the cyclic softening or hardening following the progress of
loading histories. And these two functions are peculiar to each materials.

ESTIMATION OF MATERIAL PROPERTIES

In this chapter, presented is the method of experiments and its
interpretation to evaluate material properties Ka, Kab, Kb, Wl and W2, which
are necessary to predict hysteretic behaviors of steel by N.M.M Model. Since
the model is based on the assumption that the stress-strain relations on the
certain loading path or unloading path is determined by means of accumulative
equlvalent plastic strain &p at the start peint of the loading or wunloading,
material properties can be estimated by a combination of a monotonous tension
test and several tension-compression tests each including only one reversed
point.

A procedure evaluating material properties is as follows.
Determi

Virgin stress-plastic strain curve represents Ka.

Determination of Kab and Kb

Since Kab corresponds to such Ki that its parameter £p equals to Ep,st,
it is the combination of two curves. One of them is the virgin stress-plastic
strain curve and the other is the stress-plastic strain curve, measured in a
test including unloading at the start point of strain hardening. Ki
corresponding to the state in which the hysteretic effect becomes stationary
is Kb. Accordingly, in order to determine Kb, surface sizes Kr's corresponding
to the accumulative plastic strains €p,r's have to be determined. Using
the stress~plastic strain curve obtained from unloading following the loading
till the accumulative plastic strain reaches €p,r and the virgin stress-
plastic strain curve, Ki 1s evaluated as the function of Epi. And the
stationarity in hysteretic effect means that no difference is found among each
Kr's. 1In the case where Ki's do not converge within the experiments, Ki for
the measured maximum Ep is adopted as Kb. In this case it will be possible to
correctly predict hysteretic behaviors within the limits where the
accumulative equivalent plastic strain does not exceed that maximum Ep.

terminat W W

By means of Ka, Kab and Kb, weighting values in order to evaluate Ki
corresponding to the values of €Ep,r's is determined by the next equation.

W= (Ki -Kk )/ (Kj-Kk) ‘
04 Ep < Ep,st ; j=a, k=ab (5)
€p,st g Tp : j=ab, k=b
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Weighting function is determined by the formula which SWS the relation of
the weighting values and the corresponding Ep.

PREDICTION OF HYSTERETIC STRESS-STRAIN RELATIONS

when hysteretic stress-strain relations of steel members are predicted by
means of the model, such as N.M.M. Model or P.P. Model, on the ground of
multi-surface plasticity theory, the accuracy of prediction seems to be
affected by the following two characteristics of these models;

a) how to evaluate accumulative equivalent plastic strain,
b) how to choose Fundamental Surface Size Functions.

Noticing above two factors, four stress-strain models are defined as shown
in Table 1. And elasto-plastic finite element analyses are carried out for
steel members subjected to tension-compression ioads repetitively(9-101. The
results are compared with those of corresponding experiments, and
investigations are done on the effect of the factors on the accuracy of
prediction of stress-strain relations.

Table 1. Definitions of each models.

Models name accumulation of Ep F.5.S. Functions
Model-1 over all paths Ka and Kb
Model-2 by the method shown in Fig.4 Ka and Kb
Model-3 over all paths Ka, Kab and Kb
Model -4 by the method shown in Fig.4 Ka, Kab and Kb
(proposed)

5 2
= =
; ;‘ =87
= = = &4
== / = 2]
£z £2]
o & R T
& 5+ ==
= =
2 . — " e
wres TS TRATN (2> == i STRAIN €x)
a)loading pattern-i b)loading pattern-2

Fig.6. Calculated stress-strain relations (Model-i).

Two examples of stress-strain curves calculated for each modeis are shown
in Fig.6~Fig.8, respectively. Material considered is mild steel SM41A. In
this paper, the accuracy of the prediction is defined by the next quantity;

Y = [ Onlpogel / Onlexperiment: -1 1 X 100 € %) (6)

where On indicates stress range on n-th st'rms-straln path.
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Fig.8. Calculated stress-strain relations(Model-3).

The accuracies of each model is shown in Fig.9- a) and b) with that of
proposed model by the relations between the values of Y defined by Eq. 6 and

numbers of half cycles n.

relations shown in Fig.6 ~Fig.8.

These relations correspond to the stress-strain

30
0 MODEL 3
’ ) SRS
19 “\MODEL1
2 T MODEL 4
2o yd .
>
________ "~ MODEL 2
-10

alloading pattern-1

b)loading pattern-2
Fig.9. Accuracy of predictions of stress-strain curves.
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Comparing Fig.6 with Fig.7, prediction using Model-1 and Model-2 is
unreasonable, because the effect of yield plateau in virgin stress-strain
curve appears in the following processes of load repetitions,and this tendency
is remarkable in Model-2. This means that the rate of accumulating equivalent
plastic strain for Model-2 is lower than that for Model-1. On the other hand,
Fig.9 shows that the value Y for Model-1 is fairly greater than the value for
Model-2, and stress ranges in any paths are greater than that of experimental
results. These results implies the fact that the effect of Kb is overestimated
on stress-strain relations calculated by Model-1 and the effect of Ka makes
worse the accuracy of prediction by means of Model-2. This results may be
brought by the procedure, which makes no distinctions between the phenomenon
showing yield plateau and the phenomenon that the strain changes monotonously
with stress change.

Model-3 is  constructed from Model-1 by introducing Kab as one of the
F.5.5. Function. In Model-1 and Model-3, the accumulation of equivalent
plastic strain are carried out over all strain paths. Due to the introduction
of the function Kab in Model-3, the disorder of the hysteretic stress-strain
curves caused by the overestimate of Ka is dissolved in Model-3. The valueY
in this case, however ,is greater than 10X and notable difference is not found
between Model-1 and Model-3 from this point of view. The results obtained by
Model-1 being compared with those by Model-2, the above resuits can be
considered to be due to the application of unsuitable method to estimate
accumulative equivalent plastic strain.

= =

~ é_i EXPERIMENT _ E EXPERIMENT

=] U - = 2]

=/ [ﬂllfﬂlllf’/ﬁlﬁ

3/ /// /g:_/, /| sql ]

S L= ' MODEL-4 =+ MODEL~4
a)loasd1i-:9A ;:ttéry;'l-) 1 b)loadiflgT ;;tlt:rn(-; )

Fig.10. Comparison; experiments and calculations by Model-4(mild steel).

Fig.10- a) and b) shows stress-strain relations predicted by Model-4
(N.M.M. Model) and those gained by the experiments. From these figures, the
close agreement between calculated and experimental stress-strain relations
over all strain paths is obtained. In Fig.9, the value Y for Model-4 are
plotted together with those for the other models. The value ¥ is 5% at the
most. And the accuracy of the prediction by Model-4 is notably improved.

Fig.11- a) and b) shows stress-strain relations of high strength steel HIT70
predicted by the application of Model-4 and those measured in the experiments.
From these figures and Fig.10, it 1is observed stress-strain relations
predicted by F.E.M.analyses coincide notably well with those obtained by the
experiments, in spite of the use of material properties evaluated from
experimental results by a few specimens. Moreover, these examples show that
the proposed model is adoptable for both mild steels and high strength steels.
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Fig.11. Comparison; experiments and calculations by Model-4
(high strength steel).

CONCLUSION

N.M.M. stress-strain model proposed by the authors is capable of predicting
the actual hysteretic behaviors of steels with high accuracy so that the error
of the predicted stress-strain curves is 5% at the most. If equivalent plastic
strain accumulated over all strain paths is taken as the state variable, the
expansion of the surface sizes is overestimated and the error is 10% ~ 30X in
the examples calculated by the authors. Moreover, introducing the surface size
function Kab at the start polnt of strain hardening on virgin stress-strain
curve as one of the Fundamental Surface Size Functions, the accuracy of the
prediction 1is improved remarkably, in the case of steel with distinct vyield
Plateau.

This paper shows that the proposed model accurately predicts hysteretic
behaviors of uniaxial members subjected to tension-compression loads. The
method proposed here may be able to be extended to models presenting
hysteretic behaviors of structural members such as beams or beam-columns and
seems to be of wide applications.

Computations were carried out on HITAC M200H/M280H in the Tokyo University
Computer Center, .
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