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A tuning method is formulated to express arbitrary curves with the fuzzy inference rules and the efficiency and
the applicability of the method are demonstrated through several numerical calculations. A method to represent the
arbitrary curves based on the fuzzy reasoning is applied to a modelling of hysteretic curves on simple plate elements
under the repetitive compressive-tensile load. Using this method, so-called Fuzzy Constitutive Relation is applied to
the prediction of the cyclic behavior concerned with a section of the thin-walled hollow segments under the constant

compressive thrust and the repetitive bending.
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1. INTRODUCTION

In order to grasp and predict the ultimate state of
a structure/member, its nonlinear hysteretic be-
havior is important, which is found out of the
constitutive relation of a material and the general
load-displacement relation considering the local
instability”?. Recently design methods proceed to
the Limit State Design Method so that a method of
modelling which is simplified and capable of
precision is expected. So far, on various nonlinear
behaviors, many experimental data and case
studies using finite element analysis of structural
member and element are accumulated. Conse-
quently if an appropriate modelling method is
developed with aid of the accumulation and is
effectively applied to the numerical analysis, it is
convenient toward solving the problems to improve
the accuracy and the efficiency for the nonlinear
analysis.

Of late, because of progress of the large
computer, the finite element method etc. which are
discretization methods are used in analyzing the
strength of structures. Composite nonlinear analy-
sis has been enabled taking account of the initial
imperfections such as the initial deformation and
the residual stress considering the geometrical and

material nonlinearity. It is, however, quite time-
consuming and expensive to carry out an over-all
structural analysis in which local instability is
considered under the repetitive load even if an
advanced technique is utilized. Therefore, the main
purpose of this paper is to present a modelling of
the hysteretic curves based on the fuzzy reasoning
and to show the effectiveness of Fuzzy Constitutive
Relation of thin steel plate elements, namely,
flange plates, applying it to the prediction of the
cyclic behavior concerned with a section of thin-
walled hollow segments under the combined action
of constant axial compressive force and repetitive
bending.

In recent years, the fuzzy reasoning has been
applied for practical use”™®. By means of the fuzzy
reasoning, the qualitative knowledge of a specialist
can be represented as the fuzzy inference rules
which are specified in the form of If:--then~rules.
The characteristics of the system based on the fuzzy
reasoning are as follows. The ability of recognition,
judgment and consideration can be easily intro-
duced so as to treat the complexity in the dynamic
behavior and the imperfection of information due
to the shortage of the data. The construction of the
system is not difficult because rules can be easily
established. Also, on account of plural rules with
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membership grades adopted as weights, smooth

and precise control becomes possible. Furth-
ermore, a model that entirely preserves the degree
of accuracy can be constructed, and so forth.
However if the fuzzy inference rules established by
the specialist are applied as they are, they may not
work in a desirable way. On such an occasion, it is
necessary to do tuning in order to optimize the
parameters of the antecedent and consequent parts
composing each fuzzy inference rule. By way of the
tuning method, a method which can automatically
tune the consequent part of the inference rules has
been developed with aid of the Hopfield Neural
Network. According to the Hopfield Neural
Network, the parameters are tuned so as to
minimize the energy function corresponding to the
evaluation function of the system. Namely, by
treating the error between the control operation
instructed by an operator and the result from the
fuzzy reasoning as the energy function, the
consequent part is tuned. This method has been
applied to the identification of nonlinear problems
by Nomura, Hayashi, Wakami”. Besides, this
Hopfield Neural Network has been applied to the
control problem of the vibration of offshore
structures subjected to the wave force by Minami,
Watanabe, Furuta®. In this Hopfield Neural
Network model, however, a target of tuning is only
the consequent part of the fuzzy inference rules,
and the tuning of the antecedent part has not been
considered and the antecedent part has made to be
constant.

Meanwhile, in this study, a method which both
the antecedent and consequent parts of the fuzzy
inference rules are tuned simultaneously is
adopted. In this method of tuning, the parameters
of the antecedent part that determine the shape of
the membership functions and the parameters of
the consequent part are tuned automatically by
means of the descent method using the input-
output data acquired from an expert or an
experiment. By Using the tuning method, it is
possible to express an arbitrary curve through the
fuzzy reasoning. The fuzzy reasoning enables us to
give a good approximation curve, using a few
inference rules. The applicability and the effective-
ness of the curve approximation by the fuzzy
reasoning has been verified through a lot of
practical application of fuzzy control. By using the
approximation method based on the fuzzy reason-
ing, hysteretic curves of a material can be
represented in a simpler manner. Because hystere-
tic curves, in general, show complicated behaviors,
it is not easy to predict the behavior exactly even if
lots of complex functions are utilized'”. Observing
the variation of the parameters according to the

loading cycles, some rules are derived for the
determination of the parameters. The applicability
and the efficiency of the Fuzzy Constitutive Model
is demonstrated through the comparison between
the experimental results and the results calculated.

2. IDENTIFICATION METHOD OF
FUZZY INFERENCE RULES”™™

(1) Definition of Fuzzy Constitutive Relation

The fuzzy inference rules are expressed in the
form of If---then~, where the part,::-of these rules
is called antecedent part, and the part,~is called
consequent part.

It is assumed that the antecedent part of fuzzy
inference rules used in this research has a variable,
the number of membership functions is five and
hence the number of the fuzzy inference rules is
five. It may be said that a large number of
membership functions result in being hard to deal
with a model. On the other hand, if there are very
few membership functions, the accuracy of approx-
imation by the model will not be fine. That is why it
is assumed that the number of membership
functions is five.

If the input is expressed by &, and the output is
expressed by o, the inference rules of the fuzzy
reasoning can be expressed by the following
expressions ;

Rule 1 : If ¢ is A, then 0=f
Rule 2 : If ¢ is A, then 0=,
Rule 3: I ¢ is A; then o=f;
Rule 4 : If ¢ is A, then 0=f;
Rule 5:1f ¢ is As then 0=f;

Input €o

f (1)

output 20

where the symbol~indicates fuzzy quantity and f;
is a real number. It is noted that the consequent
part is defined by crisp numbers. In this study, we
call one set of these fuzzy inference rules “Fuzzy
Constitutive Relation (FCR)”, because the con-
stitutive relation of a material is expressed by the
input-output relation through the fuzzy inference
rules as shown above.

(2) Fuzzy Reasoning

Each membership function of the antecedent
part is expressed by an isosceles triangle as shown
in Fig.1. The parameters determining the shape of
the triangle membership function are the central
point value a; and the width b,. The output of fuzzy
reasoning 2z, can be derived from the following
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where h; is the membership grade for the i-th
membership function on the ¢-axis for the value of
e.

(3) Learning of Consequent Part

It is assumed that the learning of a real number
of the consequent part is expressed by the following
formula ;

ﬁ”e”’=f,~"“’+ah,-(Ze—zo) (5 )
where a is a learning coefficient which concerns the
computation time and Z, is a desirable output and
2o is the output by fuzzy reasoning. If the number of
experimental data is insufficient, the desirable
output is empirically supplied considering past
research results. The meaning of Eq.(5) is that if
the membership grade 4; of a pair of the input data
for the i-th fuzzy inference rule becomes large, /'
is greatly changed multiplying (Z, — z,) by h..
Because h; is large, the real number of the
consequent part of the i-th inference rule may
greatly influence the change of the entire output z,
that is to say, the value of the consequent part of
the i-th inference rule can be greatly changed. On
the other hand, if the membership grade 4; is small,
S is hardly changed.

(4) Learning of Antecedent Part

The learning functions of the central value a; and
the width b; of the membership function of the i-th
rule is expressed by the following formulae ;

new — 0. 0E
ai —aild_BTm(B>0) (6)
b?ew=b?’d_TgT€,-(r>0) (7)

where 8 and y are coefficients of learning which
concern the computation time, and E is an
evaluation function which is defined in the
following :

(8)

The values, a; and b; are determined so as to
minimize the evaluation function E. From Eqs.(2)
to (4) and (8), the gradients 0E/da;, is expressed as
shown below ;

1
EZE(ZE_Z())Z

OE__ 0E  0(Z,—2z) 0z 0h; Oy 9
aai a(Ze_Zo) aZO Bh, aﬂ}i, aa,- ( )
where
oE
§Z—z) 2 (10)
a(Ze_ZO)___
B PR 1 (11)
=t +(Em) o
2hi (2 )
=1 i=1
L 2fh
Zhi ihz iht
i=1 i=1 i=1
1
(fi—z); (12)
2hi
i=1
oh; _
oz, (13)
Oih_zogn e a) (14)

Therefore, by substituting Eqgs.(10) to (14) into
Eq.(9), it turns out that the gradient 0E/da; is
expressed as

2 —as — —
gf, _ 2sgn(e—ay) (nZe 20) (fi— 20) (15)
b,-glh,-
Similarly,
§£= oE a(Ze_Zo) % ah, aﬂZ: (16)
abi G(Ze—zo) aZo ah, 8;171,- Bb,
where
6 A; 2le— i
_aﬂbfi :Alebzal (17)

By substituting Egs.(10) to (13) and (17) into
Eq.(16), the gradient 0E/6b; turns out to be
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Therefore, the formulae of the learning rule of the
antecedent part are derived by substituting
Eqs.(15) and (18) into Eqs.(6) and (7), respective-
ly.

(18)

sgnle—a) (Z.—2z) (fi—20)

ape=ag+28 ; (19)
b,—; hi

ppeo=pgs oy (Zem 2 Umllemal g
b} Zlhz

(5) Identification Algorithm of Fuzzy Infer-

ence Rules

The algorithm of identifying the fuzzy inference
rules is as follows.
(1) The initial setting of the parameters of the
antecedent and consequent parts of the fuzzy
inference rules is conducted.
(2) A pair of desirable data (e, Z,) is input.
(3) The degree for each membership function k;
is calculated by Eq.(2).
(4) The result by the fuzzy reasoning 2z, is
calculated by Eq.(4).
(5) The parameters of the consequent part f; are
renewed by Eq.(5) with the values of Z,, 2, and 4;
used.
(6) Again, the output by the fuzzy reasoning z, is
calculated by Eq.(4) with the new values of the
consequent part f; used.
(7 ) The parameters of the antecedent part of the
fuzzy inference rules a; and b; are renewed by
Eqgs.(19) and (20), using the new values of the
consequent part f;, the result of the fuzzy reasoning
20, and the values of h;, and Z,.
(8) 1If the expression, 0=|Z,—z|<e¢, holds m-
times consecutively, where ¢ being a real value and
m being a natural number are used as criteria, go to
step (9), otherwise go to step (2).
(9) The identification of the parameters of the
antecedent and consequent parts is completed.

3. REPRESENTATION OF ARBIT-
RARY CURVES BY FUZZY INFER-
ENCE RULES™"™

(1) Expression of Arbitrary Curves by Fuzzy
Inference Rules

If k set of input values &; are given for the
identified fuzzy inference rules, the fuzzy reasoning
is conducted for each of the inputs, to derive k set
of the output values z;. It is noted that £ is an
arbitrary natural number. The constitutive relation
of a material can be expressed by depicting the data

The fuzzy reasoning
& > |is conducted by — %
the identified fuzzy
inference rules.
Z;
A /
0 :

Fig.2 Expression of curve by rules

(&5, z)) j=1,2,---, k) which are obtained like this.

(2) Demonstration of Identification of Fuzzy
Inference Rules

In order to demonstrate the validity of the
present method of identifying the fuzzy inference
rules, we presented some numerical examples.

Figs.4 to 6 show the hysteretic curves plotted
using the stress-strain data obtained from an
experiment of a specimen under the repetitive
compressive-tensile loading and the curves repre-
sented by the fuzzy inference rules identified by use
of the experimental data as the learning data.
The specimen used to get the experimental data is
Specimen A (SA type) shown in Fig.3. It is noted
that the compressive side is regarded as that of
positiveness and the tensile side is considered as
that of negativeness.

In each case of Fig.4, Fig.5 and Fig.6, the
number of the experimental data is 396, 4586 and
12030 respectively. Incidentally, in these instances,
the input-output relation data obtained from the
experiment are regarded as the desirable data for
the examples. Furthermore, in the identification of
the fuzzy inference rules, let each coefficient of a,
B and 7, which concern the computation time, be
0.0001. The coefficients a, 3, r concern the
computation time. If the coefficients are too small,
the computation time becomes very large. On the
other hand, if the coefficients are too large, the
values of f;, a;, b; in Eqs. (5) to (7) move to and fro,
hence does not converge. From this point of view,
the values of a, 3, r are decided through trial and
€rror.

The parameters of the antecedent and conse-
quent parts of the fuzzy inference rules are
identified, using the algorithm that was described
in the previous chapter.

As a measure of the degree of the agreement, we
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use the following expression. domain in which the large axial strain occurs has a
,_ 12 ) relatively large error, but the degree of the
$ _ﬁlé (20—22); 21 agreement is well overall.

In the cases of Figs.4 to 6, the values of s? are ,
5.995X107°, 9.555x107* and 1.102 X 107% respec-
tively. It could be said that the prominent nonlinear
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Table1 Design measurements of specimens SA and SB 05 | j
experiment
PLATE CORNER THICKNESS LENGTH AREA b
SPECIMEN | gy * {mm) () L (mn) BXt(od) IR S SUUUY HUUN UV UV PO DUUE POV P
SA-Type | 130.0 — 2.3 300.0 11.73 -4.0 3.0 -2.0 -1.0 0.0 1.0 2.0 3.0 4.0
strain gle
SB-Type 78.0 26.0 2.3 300.0 | 10.77 ’
Fig.8 Stress-strain curve of SB type
Table 2 Actual measurements of specimens SA and SB
PLATE 1 PLATE 2 PLATE 3 PLATE 4
SPECIMEN
Bl (mm) tl (mm) B2 (mm) t2 (mm} B3 (mm) t3 {(mm} B4 (mm) t4 (mm )
SA-Type 129.8 2219 129.8 2.339 129.9 2.345 129.8 2.386
SB-Type 78.2 2.321 75.8 2.247 77.0 2.402 75.2 2.256

4. MODELLING OF FUZZY CON-
STITUTIVE RELATION OF SIMPLE
PLATE ELEMENT

(1) Variation of Rule Parameters with Adv-
ance of Loading Cycle

Axial stress-strain curves obtained by a
compressive-tensile experiment on two types of
specimens are shown in Figs.7 and 8. The steel
type of the specimens is SS 41. It is noted that the
compressive side is regarded as that of positiveness
and the tensile side is considered as that of
negativeness. Incidentally, an average of four

values measured at four corners of the specimen is
an axial displacement. And the axial stress and
strain are nominal values. Besides, measurements
of the specimens adopted for this compressive-
tensile experiment are tabulated in Table 1.

As can "be seen from Tables2 and 3, the
specimens SA and SB used for obtaining the
learning data have unusually large generalized
width-thickness ratios. In practice, these kinds of
plates are not used as the segments subjected to the
cyclic loading. However, in this study a principal
object is to develop a simplified modelling method
to estimate the bending moment-curvature rela-
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Table 3 Actual measurements and yield points

CORNER T 3 P
SPECIMEN r{mm) Li:‘::m;l B:’: (t&) (toxi/f‘)
SA-Type — 299.7 1206 | 4191
SB-Type | 26.62 | 299.2 10.75 37.37
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tion. It is not a primary object to investigate the
dynamic characteristics as the earthquake-resistant
segments of the plate elements. Hence, if the
principal object is to develop the simplified
modelling method to estimate the bending
moment-curvature relation under the repetitive
load, it may be said that using data related to these
specimens has a significance.

The experimental data are utilized as the
learning data for the identification of the antece-
dent and consequent parameters of the fuzzy
inference rules. Figs.9 to 11 and Figs.12 to 14
show the vicissitudes of the parameters of the fuzzy
inference rules, according to the advance of loading
cycle. The parameters whose transitions are
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Fig.11 Variation of consequent parameters f; (SA)

3.0 T —r—r— —e— a4,

X —f1-a,

2.0 —X- a,
o«

0. Ay
8

—&- a

$1.0 & 5
g
o
3
=9

0.0 100 200 300 400

Cycle

50.0 60.0

Fig.12 Variation of antecedent parameters a; (SB)

2.0 | —6— by
: | a | —8-b,
<15 k| =% 0
5 --o- b,
TDE‘ —~&- b,
10
<
A
0.5
0.0

0.0 100 20.0 300 40.0
Cycle

50.0 60.0

Fig.13 Variation of antecedent parameters b; (SB)

depicted in Figs.11 to 13 and Figs.14 to 16 are
identified with the experimental data as the
learning data. Hereafter, examination and consid-
eration are made by taking notice of the qualitative
vicissitudes of each parameter accompanied with
progress of the repetitive loading.

Two kinds of compressive-tensile experimental
data are used as the learning data for the
identification of the parameters. One has been
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obtained by testing the square sectional specimen
and the other has been obtained by testing the
round-cornered box type specimen. Hereafter, let
the square sectional specimen be called Specimen
A (SA type) and the round-cornered box type
specimen be called Specimen B (SB type). The
specimens, SA and SB, are shown in Fig.3. Figs.9
to 11 show the variation in the case that the
parameters are identified making use of SA data as
the learning data. And Figs.12 to 14 indicate the
vicissitudes in the case that the parameters are
identified by use of SB data. Still more, in Figs.9
and 12, the vicissitudes of the antecedent para-
meters @; ~ as are shown, and the transitions of the
antecedent parameters b ~b; are depicted in
Figs.10 and 13. Also, the changes of the conse-
quent parameters f,~ f; are graphed out in Figs.11
and 14. Incidentally, the parameters a, ~ as are the
central values of the triangles shaped by the
membership functions and the lateral axis. The
parameters b~ bs are the width of the triangles.
The parameters fi~f; are the real numbers of the
consequent part in the fuzzy inference rules.

(2) Consideration on Parameters of Fuzzy
Constitutive Relation

The change of the parameters a;~as and by~ bs
depends on the loading pattern in the experiment,
hence qualitative physical significance does not
turn up in the vicissitudes of a,~as and b~ bs.
However, it is considered that the transitions of the
consequent parameters fi~f; are concerned with
the qualitative physical characteristics on the
dynamic behavior of the specimens subjected to
repetitive compressive-tensile force.

There are two unique points in Figs.10 and 13.
The parameter b; in Figs.10 and 13 is the width of
the membership functions. The unique points
appear in the parts where the stress-strain curves
does not smoothly change. In that parts, the fuzzy
reasoning is carried out within the very small strain

interval. Accordingly, the two unique points
appear.

The value of f; is guessed to represent the
neighboring point from the leftmost dot of the half
of each hysteretic loop because f; is the consequent
part of the membership function which takes its
position on the left-hand in the five membership
functions. Accordingly, the change of the values of
fi can be concluded to manifest the qualitative
variation of turning points on the tensile side.

In the mean time, the value of f; is conjectured to
express the nearby point from the most right dot of
the half of each hysteretic loop since f; is the
consequent part of the membership function that
takes its position on the most right in the five
membership functions. Hence, the transition of the
value of f; can be surmised to represent the
qualitative change of the turning points on the
compressive side. Namely, f; is concerned with the
qualitative vicissitudes of the strength to bear the
load on the tensile side, while f; implies the
qualitative transition of the strength to endure the
load on the compressive side. In both Figs.11 and
14, fi reaches its peak earlier than f;. This implies
that the strength to bear the load increases stably
on both the compressive and tensile side when
subjected to the repetitive load and the strain
amplitude is small at the first stage. However, local
buckling occurs as the deformation out of the place
develops when subjected to the compressive thrust
and the repetitive number of loading becomes
large, and the strain amplitude is made greater.

For that reason, if the buckling did not occur, the
strength to endure the load would show the similar
or same change on both the compressive and the
tensile side. Accordingly, the two peaks of the f;
and f; would take place at the almost symmetrical
points. The shape of the curves of f; and fs would be
symmetrical. Furthermore, in Figs.11 and 14,
making comparison on f;, the peak of the
consequent parameter f; of the rule identified with
the experimental data of SA type with the square
section is lower, and also the degree of reduction of
the value of f; is smaller as the loading cycle
progresses. Meanwhile, the peak of f; of the
identified rule with the experimental data of SB
type with the round-cornered box type section is
higher and the degree of decline of the value of f; is
larger as the loading cycle advances. It is conjec-
tured that this implies that in the case of SA type,
the largest strength on the compressive side is
smaller and also the degree of reduction of the
strength is smaller as the loading cycle increase. In
the meantime, in the case of SB type, the largest
strength is larger and the degree of decline of the
strength is larger going with advance of the cycle.
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Besides, as for the transition of f;, its absolute
value gradually becomes larger in proportion to the
increase of the cycle in the same way as that of f;.
And the value of f; attains the peak point earlier
than that of fi and continuously reduces after that
point, whereas the absolute value of fi becomes
larger without interruption after the value of f; has
reached the peak point, and in the course of time,
gains the peak point and then ends in getting
smaller even if it is little by little.

It is surmised that although the strength on both
the compressive and tensile sides grows on with
progress of the cycle, on the compressive side the
peak of the strength is attained earlier than that on
the tensile side. Afterwards, the strength on the
compressive side goes on reducing under the
influence of the deformation out of the plane and
the local instability, whereas on the tensile side the
strength becomes larger successively after the peak
of the strength has been attained on the compress-
ive side and in due time, the collapse comes into
existence.

(3) Enmpirical Determination of Fuzzy Con-
stitutive Relation of Simple Plate Ele-
ment

The empirical determination of the constitutive
relation of simple plate element is conducted based
on the fuzzy reasoning. A Fuzzy Constitutive
Relation is established, building up its argument on
the basis of the consideration and observation of
the vicissitudes of the identified rule parameters.
The transition of the antecedent and consequent
parameters of the five fuzzy inference rules is
collectively assumed, using simple linear lines.

ar~a, and by~ bs are established automatically
by setting one linear line which corresponds to the
transition of as. as is first determined among
a,~ as, and then a, is established symmetrically as
as, and then a:~a, are determined so that they
may divide the space between a, and as into
quarters. At this time, a;~as are determined so
that they can cover the loading strain level.
Accordingly, an important matter is how to
establish @s. How to decide the slope of as is
carried out in such a way that s becomes the
marginal slope to cover the strain level of the
subjected cyclic loading.

As for fi, curves by the fuzzy inference rules are
represented in the context among a;, b, f;. First, a
limitation of a curve to be able to express with a;
and b; in the present cyclic loading point is found.
Then, the lines of f; are established from the
relation with the limitation.

Consequently, the transition of the antecedent
parameters a;~ a5 is set up by the linear lines as
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shown in Fig.15. For the antecedent parameters
b1~ bs, they are established as shown in Fig.16.
Fig.17 depicts the vicissitudes of the consequent
parameters fi~ f;. Incidentally, the transitions of
the antecedent and consequent parameters of the
fuzzy inference rules are established considering
both SA and SB.

As for fi~fs, fi influences how the strength on
the tensile side changes, and f; influences how the
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strength on the compressive side changes. Because
the most significant parameters f; and f; respective-
ly undergo similar changes qualitatively as turning
out from the observation of Figs.11 and 14, the
linear lines corresponding to the vicissitudes of f;
and f; can be derived as shown in Fig.17. As for the
peak values of fi and f;, the peak value of f;
identified by use of the experimental result of SA is
—0.85, and the peak value of f; identified making
use of the experimental result of SB is —0.78.
Meanwhile, the peak value of f; identified by SA is
0.55, and the peak value of f; identified by SB is
0.73. On the analogy of these results, the peak
values of f; and f; are obtained.

(4) Comparison between Fuzzy Constitutive
Relation and Experimental Data of Sim-
ple Plate Element

The computer program is made to express the
stress-strain curve based on fuzzy reasoning, and
the validity of the modelling is examined, compar-
ing with the experimental results. It is necessary to
input the peak points of the parameters f; and f; so
as to obtain the stress-strain hysteretic curves under
the repetitive compressive-tensile load. In the
examination of the modelling, the peak of f; is put
—0.815, and the peak of f is put 0.64 with useful
information furnished from the transitions of f; and
fs.

A comparison between the stress-strain relation
by the model and the experimental result is shown
in Fig.18. As can be seen from Fig.18, the limit
points in the compression area can not be estimated
very well. One reason may lie in the number of the
fuzzy inference rules as five, which possibly
influences the estimated precision. This time, the
simple linear lines related to the rule parameters
are assumed, but if nonlinear curves are assumed,
the degree of the precision probably becomes finer.

From the obtained results, it may be mentioned

that the stress-strain hysteretic behavior under the
cyclic compressive-tensile load is expressed in
certain degree of success by the fuzzy constitutive
relation. Nevertheless, there is a milling at one part
in the graph expressed by the fuzzy constitutive
relation. The milling occurs in a domain which the
strain amplitude is the largest in the graph. It is
considered that because the number of the
membership functions used for the fuzzy inference
rules is rather few (i.e., five), the milling occurs.
Hence, if the number of the membership functions
is more than five, the hysteretic curve will be
expressed smoother without the milling.

According to the experimental results, the peak
points shift remarkably after the specimens have
been subjected to the considerably great tensile
strain. But it is not evident whether the great
tensile strain causes the remarkable shift of the
peak points. Some experiments are expected so as
to verify the problem.

In the repetitive bending tests, it is hardly
possible that the plate clement comes up to
collapse on the tensile side. Therefore, the
behavior in the domain of great strain amplitude
can be concluded to scarcely influence the analysis
of this research work. For that reason, the number
of the membership functions is remained five even
if the graph expressed by the fuzzy inference rules
has partly the milling in the domain where the
strain amplitude is the largest.

5. APPLICATION OF FUZZY CON-
STITUTIVE RELATION TO ANALY-
TICAL MODELLING"™~*

(1) Outline

In this chapter, the fuzzy constitutive relation of
simple plate element is applied to three types of
analytical models so as to evaluate the cyclic
behavior concerned with a section of thin-walled
hollow segments under the constant axial com-
pressive thrust and the repetitive bending com-
bined.

The segments with box type section are adopted
as the thin-walled hollow segments in this analysis.
The analysis is done in such a way that the strains of
flange and web plates must satisfy dynamic
condition, that is, the increment of the axial force is
zero when the increment of curvature is given, and
the general restorative characteristics on the
composite members is evaluated. At this time, the
fuzzy constitutive relation described in the former
chapter is utilized as the stress-strain relations on
the thin plates with upper and lower flanges.
Incidentally, the compressive side is regarded as
that of positiveness and the tensile side is
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Fig.19 Double flange model

considered as that of negativeness in this analysis.

(2) Double Flange Model

As the first model, Double Flange Model is
adopted. The model is shown in Fig.19 This model
is often used for the analysis on the buckling
strength of steel structural members. It is assumed
that the web elements are fictitious elements which
do not have an area and they are attached for only
one purpose that they sustain the shape of the
beam.

Let Ae, and Ae; be defined as the increment of
the strains on the upper and lower flanges
respectively, de,, be the increment of the average
axial strain, and A¢ express the increment of the
curvature.

By using symbols as shown in Fig.19, the
formulae

As”:Aam+A¢g
(22)
AE]ZAEm—Agb‘g“

hold. Letting Ag, and Ao, be the increments of the
stress on the upper and lower flanges respectively,
the relations

{Aou EnAe,
AO'I—E ﬂAE;
are defined to hold, where Ey, and E, respectively
mean the Young’s modulus of the upper and lower
flanges in the infinitesimal section.

Hence, the increment of the axial force AP is
expressed by the following formula :

AP=Ao,Bt+ Ao, Bt (24)

By substituting Eqs.(22) and (23) into the above
expression,

AP=(E;—

(23)

Efl)Bt Ap+ (Eq+Ef) BtAe, (25)

is derived. Because the axial force is constant in
this analysis,

AP=0 (26)

must hold as a condition. By putting the above

expression (26) into Eq.(25), the average axial

strain Ae,, is expressed in the following formula :
— Efu Efl

Aepm=— EnTEn 2 —A¢ (27)

If the value of Ae,, is found, it follows that the
increments Ae, and Ae, are determined with
Eq.(22). However, since Es, and Ey, are unknown
in Eq.(27), the value of Ae,, can not be determined
even if the value of A¢ is known. Accordingly, in
this analysis, the value of de,, at the former stage is
used as the first approximate value considering that
the value of Ae,, is infinitesimal. Namely, Ae, and
Ag,; are found by substituting the first approximate
value Ae,, into Eq.(22), and then Aeg, and Ae; are
determined with aid of the fuzzy constitutive
relation. If the values of Ade,, de;, Ao, and 4o,
corresponding to the first approximate values are
found, the values of Ey and Ey are found by
substituting each value into Eq.(23). If Ey, and E;,
are put into Eq.(27) once more, the second
approximate value of Ag, is obtained. After
repeating such a procedure in several times, the
increment of the axial force AP converges into
zero.

Using the last values of Ae, and Ae; determined
by the above-mentioned procedure, the increment
of the bending moment AM is determined by the
following expression :

AM=AauBt—§—A0,Btg
D? D
= (Efu+E[I)BtTA¢+ (Efu-Efl)Bt7A8m
— Equfl 2
“E. +En —==r—BtD*A¢ (28)
(3) Elastic Web Model

Fig.20 shows Elastic Web Model. In this second
model, the resistance of web elements is taken into
account on condition that the web elements always
behave elastically and yield no local buckling, that
is to say, the deterioration of stress does not occur
in the web plates.

The basic algorithm follows the case of the
Double flange model, and yet Eq.(25) is changed
as follows, taking the elastic behavior of web plates
into consideration.

AP=(E;— Eﬂ)Bt A

+{(EutEn) Bt+2DtE,} Aey, 29)

Hence, by substituting Eq.(26) into Eq.(29), de, in
the Elastic Web Model is expressed by the
following expression :
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Fig.20 Elastic web model

(Efu— E,,)Bt 4¢

(EqtEq) Bt 2DtE,,,
Besides, letting AM; and AM,, be the increments of
the bending moment shared by the flanges and web
plates respectively,

Agy=— (30)

Ael Ae? .
AM,= (Efmg o +1@,——~A6 A'A&)BtD (31)

hold, and the value of the general bending moment
is given by the following expression :

AM=AM+AM, (33)

(4) Elastoplastic Web Model

In the case of the Elastic Web Model, the web
plates have been assumed to be elastic body, while
the elastoplastic behavior is taken into considera-
tion by use of a yield surface in the Elastoplastic
Web Model. Accordingly, it may be said that the
more realistic behavior of the web plates than the
Elastic Web Model can be expressed by introduc-
ing the formula of the yield surface. The yield
surface assumed in the Elastoplastic Web Model is
shown in Fig.21.

Eq.(34) expresses the limit state of the yield

Mw/Mwy

Pw/Pwy

Fig.21 Yicld surface of elastoplastic web model

surface™.

ey = (34)

where M, and P, express the yield moment of the
web and the yield axial force, respectively.

Another yield surface such as a square surface is
used in calculation as a trial, but it is verified that
the yield surface expressed in Eq.(34) causes more
precise resulits.

The fundamental procedure of the analysis is the
same as that of the Elastic Web Model, and yet it is
considered that the web plates behave elastically
when the load is within the domain of the yield
surface. Therefore, de,,, AM, and AM, are as
follows.

In the domain :

(En—En) Bt 249
den=—TE,.TE)BIT2DIE, (30)
Ae? Aé}
AM;= <Ef“ Ae, —A81+Eﬂ Ae, —A&)BtD (31)
Aeu+A5uAe,+A51
AM,= —’—Asu Ae, (32)
Out of the domam :
— Efu E/Iﬁ
Agp=— FalEn 2 Agb 27)
_ A&l Ae?
AMf‘(Efu de—Ae, TEn A, Ae,)BtD Gy
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Table4 Design measurements of specimens SC and SD
FLANGE WEB CORNER THICKNESS LENGTH AREA MOMENT
SPECIMEN B (mm) D (mm) r(mm) ¢ (mm) L(mm) A(ot) INERTIA 1(cn )
SC- type 250.0 300.0 — 4.5 600.0 49.5 6937.1
SD - type 159.0 200.0 50.0 4.5 600.0 45.8 6049.9
Table5 Yield points and width-thickness ratios R 3 LIS B U B ae i 2 B o o o o o i e 0 o e
p Generalized Width-Thickness Ratio R 2 F 3
SPECIMEN | | yf) E 3
o Plate Web Corner 1t \ \ 1
SC-Type | 1188 101 117 — 0 VAV A A A /\v A \ \ I
SD-Type | 109.9 0.63 0.79 0.14 1 E V V V\ V\l I 3
: U/ :
2 | :
2 prrrrTTTTTTT T T T T T T T T T i ]
1.55 3 I3 SN I IS ST U .
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1 E ] ycle
0.5 A A A \ A A H 3 Fig.23 Loading pattern to SD
o AANLAAAD VL 5
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15 F ! E R :
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Fig.22 Loading pattern to SC -0.5 P e At e e Experiment
Model
10 L R
AM,=0 (35)
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Cons'equently, th; 1ncr.ement of the general Curvature 670
bending moment is obtained from Eq.(33). ’
Fig.24 Result by double flange model (SC)
6. COMPARISON BETWEEN RESULTS .
BY ANALYTICAL MODEL BASED = ,, .
ON FUZZY CONSTITUTIVE RELA- = L . 1
TION AND EXPERIMENTAL RE- 2 s i i
SULTS 2 7T a
O
= i
(1) Outline 00
In this chapter, the analytical results by the E s
models described in the former chapter are B s b e ----Experiment
compared with the experimental results obtained Lo Model
from bending tests. And the validity of the 10 Dolens L]
: : . 14),20)~24) ; T
?nal}{tlcal moFiels is exarpmed . The obljects 9 45 1 05 0 05 1 15 2
in this analysis are Specimen C (SC type) with a
Curvature o/,

rectangular section and a round-cornered box type
Specimen D (SD type), which have been used for

Fig.25 Result by double flange model (SD)
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the bending test. The design measurements of the
specimens SC and SD are tabulated in Table 4.
The yield points and the generalized width-thick-
ness ratios are shown in Table 5. And the loading
patterns to SC and SD are shown in Figs.22 and 23
respectively.

(2) Results by Double Flange Model

The results analyzed by the Double Flange
Model are shown in Figs.24 and 25.

Comparing the analytical results with ex-
perimental results, the peaks of strength are low,
especially in the early stage of the loading cycle. In
the experimental results, the largest peak of the
strength occurs earlier, while in the analytical
results, the strength rises slowly, and the largest
peak of the strength occurs late.
From what is mentioned above, the analysis by the
Double Flange Model is inappropriate. Because
the strength of the web plates is not considered, the
general strength is evaluated low in this model.

(3) Results by Elastic Web Model
The results by the Elastic Web Model are shown
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Curvature

in Figs.26 and 27. Since the web plates are always
regarded as an elastic body, the deterioration of the
strength of the web never occurs. Accordingly it is
obvious that the more absolute value of the
curvature increases, the more the strength of the
web always increases continuously. It is considered
that this implies that because the degree of rise of
the web strength is more eminent than that of
decline of the flange strength after the flanges have
attained the peak strength, the general strength
rises at all times.

Consequently, in the case that the web plates are
assumed to be an elastic body, the model can not
represent the behavior after the flanges have
reached the peak strength. That is why the Elastic
Web Model is not appropriate for the evaluation of
restoring characteristics concerned with a section of
the thin-walled composite segments.

(4) Results by Elastoplastic Web Model
The results by the Elastoplastic Web Model are
shown in Figs.28 and 29.
The analytical result for SC is shown in Fig.28
and the one for SD is shown in Fig.29. From these
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results, the analytical consequence by Elastoplastic
Web Model corresponds more precisely to the
experimental results comparing with Double
Flange Model and Elastic Web Model.

From what is stated above, the modelling based
on the fuzzy reasoning with the five fuzzy inference
rules and its application to the prediction of the
cyclic behavior concerned with a section of the
thin-walled hollow segments can be said to be a
certain degree of success in the case that Elasto-
plastic Web Model is used. But in also the
Elastoplastic Web Model, it can not be said that the
analytical model estimates the cyclic behavior very
well. Accordingly, the modelling method should be
continuously improved from now on.

7. CONCLUDING REMARKS

Although the fuzzy theorem, in this study, is
used to make the modelling of the constitutive
relation, the relation between the fuzziness and the
human subjectivity is not distinct very well. The
intention using the fuzzy reasoning lies in making
the definition of the relation between the fuzziness
and the human subjectivity conducted easily in the
future.

In this research, the tuning method has been
formulated to express the arbitrary curves with the
fuzzy inference rules and the efficiency and the
applicability of the method have been demons-
trated through several numerical calculations. The
method to represent the arbitrary curves based on
the fuzzy reasoning has been applied to the
modelling of the hysteretic curves on the simple
plate element under the repetitive compressive-
tensile load. Using this method, the so-called
“Fuzzy Constitutive Relation” has been derived.
Then, the Fuzzy Constitutive Relation has been
applied to the prediction of the cyclic behavior
concerned with a section of the thin-walled hollow
segments under the constant compressive thrust
and the repetitive bending.

Consequently, the following conclusions are
derived :

a) The validity of the identification method based
on the successive learning of the rule parameters
has been verified. And the various shapes of curves
can be expressed by the fuzzy inference rules even
if the number of the rules is rather few as five.
b) The complex and nonlinear hysteretic curves
of the simple plate element can be represented with
Fuzzy Constitutive Relation defined by the fuzzy
inference rules.

¢} The Fuzzy Constitutive Relation can introduce
the knowledge and the insight of engineers into the
formulation. Through the qualitative interpretation

of the parameters involved in the inference rules, it
is possible to easily consider the difference of
material characteristics in establishing the constitu-
tive model. In the analysis of the thin-walled
hollow segments subjected to the constant thrust
and the repetitive bending, the cyclic behavior
concerned with a section of the segments can be
predicted by Elastoplastic Web Model with a
certain degree of success comparing with Double
Flange Model and Elastic Web Model.

Fuzzy Constitutive Relation Model works in the
above three analytical models. If the experimental
data can be sufficiently collected, the constitutive
model can be improved through the learning
process. It can be said that the proposed model,
i.e., the Fuzzy Constitutive Relation Model, lies
between the ordinal analytical model based on
physical characteristics and the model based on the
Neural Network. Although the Neural Network
Model is superior to interpolate experimental data,
it is difficult to show a logical base to reach the final
result. On the contrary, the proposed method can
provide us both the interpretation of the para-
meters and the satisfactory accuracy gained by the
learning ability.

Relating the dynamic parameters with the
parameters described in this study should be
continuously carried out from now on. As an
another strategy in future, it can be considered that
first the modelling of a skeleton curve is made, and
then the modelling of the constitutive relation
based on the fuzzy reasoning is developed under
the repetitive loading.
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