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COMPUTER SIMULATION OF 
CYCLIC PLASTICITY BIHAVIOURS 
OF STRUCTURAL MEMBERS 
T. NISHIWAKI M. MINAGAWA N. MASUDA 
MUSASHI INSTITUTE OF TECHNOLOGY TOKYO, JAPAN 

1. OBJECTIVE 
A CYCLIC PLASTICITY MODEL IS PROPOSED AND ELASTO-PLASIC HYSTEAETIC 

BEHAVIOURS OF STEEL AND STEEL BEAMS ARE SIMULATED BY THE PROPOSED 
MODEL. 

2. CYCLIC PLASTICITY MODEL 

a, 
LOADING 
SURFACES 

THE PROPOSED MODEL IS DERIVED BY THE REFINEMENTS OF A MULTI SURFACE 

PLASTICITY MODEL INTRODUCED BY POPOV AND PETERSSON SHOWN IN FIG. 1. 

WE MODIFIEO THIS MODEL TO EXPRESS ACTUAL BEHAVIOURS Or STRUCTURAL 
STEEL. 

3. STRESS-STRAIN RELATIONS 
OF STRUCTURAL STEEL 
[APPLICATION NO. 1] 

THIS MODEL IS APPLIED TO SIMULATION 

Or TENSION-COMPRESSION STRESS-STRAIN 

RELATIONS Or MILD STEEL AND HIGH 

STRENGTH STEEL. 

FIG. 2 SHOWS STRESS-STRAIN RELATIONS 

PREDICTED BY THE PROPOSED MODEL AND 

THOSE GAINED BY THE CORRESPONDING 
EXPERIMENTS. 

a;  STRESS 
6』:PRINCIPAL STRESS 
a, : PRINCIPAL STRESS 
,, : PLASTIC STRAIN 
l, : EQUIVALENT PLASTIC STRAIN 

PAE-LOADED MATERIAL 

FIG. 1 CYCLIC PLASTICITY MODEL 
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FIG. 2 STRESS-STRAIN RELATIONS OF ROUND BAR SPECIMENS 
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4. MOMENT-CURVATURE RELATIONS -000 _1 

OF STEEL BEAMS H-125X125X6.5X9 (5541) 

[APPLICATION N0.2] 

THE NEXT APPLICATION OF THE CYCLIC 

PLASTICITY MODEL IS THE EVALUATION 

OF BENDING MOMENT-CURVATURE 

RELATIONS (M-¢RELATIONS) OF STEEL 

BEAMS. THE TANGENT STIFFNESS METHOD 

WAS USED WITH SOME MODIFICATIONS TO 

CALCULATE Mゃ RELATIONSBY THE 

PROPOSED MODEL. MATERIAL PROPERTY 

FUNCTIONS WERE DETERMIND BY 

MATERIAL TESTS AND RESIDUAL STRESS 
WAS ANALYZED BY HOLE DRILLING 

METHOD. THE CALCULATED Mや RELATIONS

AND THOSE OBTAINED.BY THE 

CORRESPONDING EXPERIMENTS ARE SHOWN 

IN FIG.3. 

叫 II__  ,.. ―—尋曇I~ごill且 .. .__一乎e

〗〗コ〗
(TONF-M) 

6 

4 

-4 

0 . I 2 

STRAIN(%) 
3
 

STRAIN 

EVALUATION OF CURVATURE 

(KN-M) (TONF-M) 
6 

(KN-Ml 

40 4 

-40 -4 

卜

2

0

2

 

ト

Z
u
u
o
w

0

0

 

2

2

 

--EXPER躙 ENT

40 

20 

-61 , . , I . . . I -6 
-0.2 -0.1 0 0.1 0.2 -0.2 -0.1 0 0.1 0.2 

CURVATURE (1/M) CURVATURE (1/M) 

FIG. 3 MOMENT-CURVATURE RELATIONS OF SIMPLE BEAM SPECIMENS. 
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Computer simulation of the cyclic plasticity behaviours of structures or 
structural members is very important to evaluate structural safety and make them 
safe against severe cyclic loading due to earthquakes, wind storms and so on. 
Here a cyclic plasticity theory for elasto-plastic hysteretic behaviours of 
structural steel is proposed and it is applied to the analyses of structural 
members subjected to cyclic loads. 

2.CYCLIC PLASTICITY MODEL 
The proposed model is derived by the refinements of a multi surface plasticity 
theory introduced by Petersson and Popov[1 ]. Petersson-Popov model used 
cumulative equivalent plastic strain as a state variable, two fundamental surface 
size functions and a weighting function as material property functions. 

There are three important differences between Petersson-Popov model and the 
proposed model, Firstly, effective value of cumulative equivalent plastic strain 
is defined as a state variable to represent "Return Phenomena". Secondly, 
additional material property functions are introduced. These functions express 
strain hardening characteristics of materials after loading histories 
corresponding to certain values of cumulative equivalent plastic strain, Owing to 
this modification, the theory can express strain hardening characteristics of 
materials with both notable strain hardening and non-hardening strain region, 
Thirdly, all of the material property functions can easily and unambiguously be 
obtained by a combination of a simple tension test and several simple tension-
compression tests. 

3,APPLICATION OF THE MODEL 
This method is applied to simulation of tension-compression stress-strain 
relationships of mild steel and high strength steel, Using material property 
functions measured, the authors carried out elasto-plastic finite element 
analyses for round-1氾rspecimens subjected to repetitive tension-compression 
loading under controlled strain. Figure 1 shows stress-strain relationships 
predicted by the proposed model and those gained by the corresponding 
experiments. By comparing these results, it was confirmed that the stress-strain 
relationships calculated by the proposed theory was accurate. 

A next application of the cyclic plasticity model is the evaluation of bending 
moment-curvature relationahips(M-<P relationships) of steel beams, In the 
calculation of the M-<P relationships of beams and beam-columns by the proposed 
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Figure 1 Stress-strain relationships Figure 2 Moment-curvature relationships 

of round涵 rspecimens. of simple beam spec1.mena. 

stress-strain model, the tangent stiffness method introduced by Chen and 

Atsuta[2] was used with some modifications. 

JIS(Japanese Industrial Standards)-5 type specimens were shaped from a H-shaped 
beam specimen to evaluate material property functions. Material property 
functions were determined by a combination of tension tests and tension-
compression tests. Residual stress characteristics were analyzed by a drilling 
method and simple type distribution was assumed according to these results. 

The calculated M-~relationships are compared with those obtained by 
experiments which the authors had carried out. Figure 2 shows hysteretic M-~ 
relationships predicted and those gained by the corresponding experiments. The 
accurate M-~relationships can be evaluated by the authors'theory. 

REFERENCES 
1.PETERSSON H. and POPOV E.P., Constitutive relation for generalized loadings, 
Proc, of ASCE, Vol.103, No.EM4, pp.611-62?, 19??. 

2.CHEN W.F. and ATSUTA T., Theory of Beam-Column, McGraw-Hill Inc., 1977. 



WCCM 

ABSTRACTS 

Volume I 

FIRST 

WoRLD CoNGREss ON CoMPUTATIONAL MECHANICS 

INTERNATIONAL Assoc1ATION FOR 

COMPUTATIONAL MECHANICS 

SEPTEMBER 22-26, 1986 

Held at 

THE UNIVERSITY OF TEXAS AT AUSTIN 

Organized by 

TI1e University of Texas at Austin 

and 

George Washington University 

through 

THE TEXAS INSTITUTE for COMPUTATIONAL MECHANICS 



MODELING OF CYCLIC PLASTICITY OF STRUCTURAL STEELS 

Masaru MINAGAWA 
Research Associate 

Nobutoshi MASUDA 
Associate Professor 

Takeo NISHIWAKI 
Professor 

Musashi Institute of Technology, 

28-1, Tamazutsumi l chome, Setagaya-ku, Tokyo 158, JAPAN 

When structures are subjected to complicated fluctuating loads due 
to earthquakes, wind storms, waves and so on, stresses beyond the 
elastic-limits of steels break out in members or parts of them repet-
itively. In this case, even if the structures do not collapse, it is 
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 fundamental for structural 
design, the authors have investigated the effect of loading histories on 
mechanical properties of steels which are important structural mater-
ials, and have accumulated experimental data. 

Petersson & Popov Model (P.P. Model) [1) has the grounding in the 
multi-surface plasticity theory and has an advantage that only a few 

tests are required to make up fundamental functions representing 
material properties. 

The final purpose of this investigation is to complete an accurate 
hysteretic model to predict elaso-plastic behaviors of steel structures 
or members subjected to external forces in excess of those amot1nt. In 
this paper, a stress-strain model based on P.P. Model is studied with 
the emphasis on the evaluation method of hysteretic effects. 

In P.P. Model, hysteretic stress-strain behaviors are represented by 
the concept of expansion, reduction and movement of state surfaces in 
the stress space. Each surface is defined by a surface size function-K , 
by which the size of each surfaces is expressed, and a vector {a} 
indicating its central coordinates. In order to introduce the hysteretic 
effects to stress-strain relations, K and {a} are changed with the 
progress of loading histories. The degree of hysteretic effect is 
described by accumulative equivalent plastic strain€ and increment of D 

equivalent plastic strain も01. The surface size function is defined 
according to the f~llowing equation, introducing Ka , Kb and W which 
are the functons of€ 。 and€01 . 

K=W・K。+(1-W) Kb (1) 

where. K. 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 K. to Kb due to loading histories and is evaluated by 
means of numerical calculation. Ka and Kb which are referred to as 
Fundamental Surface Size Functions (F.S.S. Functions) in this paper, are 

key functions for evaluating the surface size function in any phase of 
loading. 

In this paper, basing on experimental results, accumulation of 
equivalent plastic strain in the process of repetitive loading is 
accomplished in the following way consistent with results of measure-
ments ; the accumulative equivalent plastic strain is evaluated under 
the assumption that the plastic strain beyond the preceding plastic 
strain amplitude is effective. 

Characteristic features of stress-strain relations for steels under 
repetitive loading conditions are as follows ; 

(a) the disappearance of yield plateau in the successive hysteteric 
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 a necessary condition for a stress-strain model 
compatible with experimental results that the model may represent these 
features. In N.M.M. Model, to get better compatibility with experimental 
results, the surface size function Kab , which is a surface size 
function at the start point of strain hardening for virgin material, has 
been introduced as a F.S.S. Function in addition to K. and Kb. Following 
the introduction of Kab• W1 and粕 is defined as weighting functions. 
The function W1 expresses the phenomenon that stress-strain curve 
changes continuously from the virgin stress-strain curve, which is 
characterized by yield 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. These two functions are peculiar to each materials. 
Since the model is baed on the assumption that the stress-strain 

relations on the certain loading path or unloading path is determined by 
means of accumulative equivalent plastic strain瓦 atthe start point of 
the loading or unloading, material properties can be estimated by a 
combination of a monotonous tension test and several tension-compression 

tests each including only one reversed point. 
Elasto-plastic FEM analyses are~5: 

performed. Fig.1 shows an example o 

← -of stress-strain curves predicted X 

by N.M.M. Model and that gained by 、乏

an experiment. Close agreement -
ct! 

between calculated and experimental o.. -コこ. 

stress-strain relation over all 
、定

strain paths is obtained. Thus の

゜N.M.M. stress-strain model proposed 
by the authors is capable of 
predicting the actual hysteretic 
behaviors of steel with high 
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fig. 1 comparison;Experiment and calculation. 

(Reference) !.Petersson H. and Popov E.P.: Constitutive Relation for 

Generalized Loadings, Proc. of ASCE, Vol.103, No.EM4, pp.611-627,1977. 
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A geometrically nonlinear dynamic analysis method is presented for 
frames which may be subjected to finite rotations in .3-dimensional 
space. The proposed method has its base on the method reported by 
Yoshida et al. on Computer Methods in Applied Mechanics and Engineering, 
vol._32(1982). This method is called here the YMM method named after the 
author's names, Yoshida, Masuda and Matsuda. 

In the YMM method, governing incremental static equilibrium equation 
is represented by the coordinates itself rather than conventional 
displacements. With this equation and the corrective-iterative solution 
process also proposed, many kinds of geometrically nonlinear structural 
problems in the field of statics were analyzed satisfactorily. 

Here, in this paper, the YMM method is enlarged to be able to deal 
with dynamic problems. The governing dynamic equilibrium equation for 
each member is obtained from the static equation given in the paper 
aforementioned by adding the inertia term, thus; 

△ f=『（：心om* fct+atf1u + r nふat~• fct+4tl fi!,m* fio] U (ti 
+d(fc如， m*l~t+an l/dtiJit+An -d(fi!,m* Tit1)/dt叫
+ Ti!+atl<.*『;Hat{::,.IU+ 1~ しatf'-* [fit+a1{::,.r+△ TG(l1<t1+『iti) ] 

T ♦ 

十△ r• r(t) 

where, Tis the coordinates transformation matrix from global to member 
coordinates system, f* is the member nodal forces vector, k* is the 
conventional linear stiffness matrix of a member, m升 isthe conventional 
mass matrix of a member in its member coordinates system, r is the rigid 
body rotation vector of a member, (t) indicates time t, and △ is a 
prefix to represent increment. For the sake of simplicity, damping term 
is neglected. 

The contributions from each members are summed up to make the total 
equilibrium. In practice, the two-step approximation & iterative 
correction solution procedure developed for static analysis is adopted 
and combined with a modified Steffensen's iterative process as well as 
the incremental arc length control method to give a more effective 
solution procedure. 



The modified Steffensen's 
demonstrated as the following: 

In solving a fixed point problem expressed as X=g(X) the following 
process is iterated 

iterative process is schematically 

x 1+ ,=o(X,)-(g(g(X, l)-g(X,) J 2/(o(o(o(X,) l)-2g(g(X,))+o(X,) J 

In other words, starting from i-th approximation Xi usual iterations are 
performed three times giving g(X,), g(g(Xr)) and g(g(g(X,))) 
respectively. Then the next approximation X r+t is obtained from the 
above equation. It is proved that this process has second-order 
convergence property same as the original Steffensen's iteration 
process. 

A numerical example of a curved cantilever beam under lateral loads 
illustrates the effectiveness of the proposed method in the field of 
finite rotations in ]-dimensional space. Among compared are Runge-Kutta 
type solution processes and a process using original Steffensen's 
iteration. The former gave divergent solution after certain amount of 
displacements are obtained. And the effectiveness of the latter was 
about half of the proposed method in the sense of computational time 
required to obtain convergent solution. 

In order to examine the applicability of the proposed nonlinear dynamic 
analysis method, it is applied to shallow arches to investigate the 
dynamic stability. Forced vibration analyses of two-hinged shallow 
arches under central step loading are conducted w.i th several loading 
amplitudes. Dynamic instability breaks out at the point where the 
maximum displacement response drastically increases with respect to the 
increase of the loading amplitude. The results are compared with those 
given by Gregory and Plaut in 1982, who used Galerkin method, and show 
good correspondence. The effect of the number of members on the accuracy 
is also examined. 

Other problems including asymmetric and three-dimensional instability 
modes are also calculated. All the numerical calculations performed so 
far confirm the effectiveness of the proposed method. 
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