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Chapter 1

Introduction

1.1 BACKGROUND

In current and common seismic design of building structures, the buildings are designed
so that the following requirements are satisfied: (1) In moderate earthquakes, which occur
frequently, no plastic deformation takes place; and (2) In strong earthquakes, which happen
rarely, plastifications of their structural elements are allowed but total collapse should be
avoided. Namely, plastic deformations are allowed in case of strong earthquakes. In addition
to this fact, there is a tendency to use deliberately the energy absorption due to the plastic
deformations in order to control the displacements and accelerations caused by earthquakes.

To clarify the fundamental properties of the structural response with plastic deformations,
extensive research has been done on the elastoplastic response of structures subjected to
quasi-static loads (see, e.g. [1, 2, 3, 4, 5, 6]). According to whether the loading condition is

monotonic or cyclic, the research is classified into eight categories shown in Table 1.1. The

Table 1.1: Classification of elastoplastic analysis.

Monotonic Loading Cyclic Loading

Tracing All Loading History Tracing All Loading History

Limit Analysis Shakedown Theory

Plastic Buckling Theory Symmetry Limit Theory,
Steady-State Limit Theory

Stability of Equilibrium States Stability of Steady States




main objectives of the research are: (1) to clarify how structures behave under the quasi-
static loads; and (2) to find the critical loading condition beyond which unstable responses
occur.

The plastic buckling and the plastic collapse have been mainly considered in the research.
In addition to these types of instability, it is known that, plastic deformations of struc-
tures under cyclic loads may accumulate proportionally or exponentially with respect to the
number of the cycles. The accumulation may lead to the degradation of load capacity and
stiffness. Obviously, no stable energy dissipation can be expected in this case. This phenom-
ena is considered to be a type of instability and is the main subject of this thesis. By the
way, although fractures are frequently observed in strong earthquakes [7, 8], our discussion
is limited to the case where neither ductile nor brittle cracking occurs.

Under both monotonic and cyclic loads, a direct but elaborating approaches for investigat-
ing the elastoplastic response is to trace the all loading history of structures. Experimental,
analytical, and numerical methods are available for this purpose. By tracing the all loading
history, we can observe the whole process of the deformations and find the loading condi-
tions below which structures behave in a stable manner. Nonetheless, generally, analytical
methods can be applied only to very simple models. Experimental and numerical approaches
require & number of parametric analyses to bound the stable response. Moreover, it is very
difficult to derive the theoretical condition similar to that for the Euler buckling load from
the results of the parametric analyses.

For the stability of elastoplastic structures subjected to monotonic loads, theoretical foun-
dation seems to be established. As a theory of stability, the limit analysis [9] is well known
and widely used in structural design. In the limit analysis, both collapse loads and col-
lapse modes are obtained based on the upper bound or the lower bound theorem. The limit
analysis is originally developed for the structures with perfectly plastic material. And the
effect of geometrical nonlinearity is completely neglected in the theory of the limit analysis.
Another well-known theory on stability is the plastic buckling theory [10]. Plastic buckling
is predicted as the fist bifurcation or limit points of equilibrium paths, which represents the
variation of equilibrium states under the monotonic loads. In addition, based on the defini-
tion of stability due to Liapunov [11], a general criterion on the stability of an equilibrium
state was derived by Hill [12] for elastoplastic structures.

On the other hand, the stability of elastoplastic structures under quasi-static cyclic loads
appears to remain as research subjects. As a theoretical approach, the shakedown theory {13]

is well known. In the shakedown theory, we can find the domain of the cyclic loads within
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which a structure converges to a shakedown response regardless of loading histories based
on the upper bound or lower bound theorem. Similar to the limit analysis, the classical
shakedown theory was developed for the structures composed of perfectly plastic materials
without taking into account geometrical nonlinearity. Several papers extended in recent
years the shakedown theory taking the geometrical nonlinearity into consideration, (see e.g.
[14, 15, 16, 17]). But the path-independent shakedown theories have inherent difficulties
when geometrical nonlinearity plays crucial role. This is because the responses are path-
dependent in this case [1}.

In such situations, Uetani and Nakamura [18, 19, 20] proposed the symmetry limit theory
and the steady-state limit theory for cantilever beam-columns subjected to cyclic bending in
the presence of a compressive axial force. With these two theories, though under a specified
loading history, we can find the limit that bounds convergence and divergence of plastic
deformations as a mathematical critical point even if geometrical nonlinearity has strong
effect on structural responses. In the two theories, a steady state and variation of the steady
state generated under the idealized cyclic loading with continuously increasing amplitude are
regarded as a point and a continuous path, respectively. In analogy with an equilibrium state
and an equilibrium path, the continuous path is called steady-state path. The symmetry
limit and the steady-state limit are predicted as the first branching and limit points of the
steady-state path, respectively.

For a few classes of structures, the symmetry limit theory and the steady-state limit
theory have been applied. Severe degradation of load capacity and stiffness were observed
if the deflection amplitude was in excess of the symmetry limit or the steady-state limit
[19, 21, 20]. In those studies, however, only the simple structures, e.g. a cantilever beam-
column or a unit frame, were treated for which analytical solutions can be derived. Hence,
to investigate the limit states of more complex and practical structures, which generally do
not have symmetry limits if they do not have symmetric shapes, it is necessary to establish
a method for predicting the steady-state limit using appropriate finite element methods. In
addition, it is desirable from theoretical view, by analogy with the stability of equilibrium
state, to introduce the concept of stability of steady states or closed orbits and to characterize
the steady-state limit as the steady state at which the stability of the steady states is lost
[19, 20]. This concept of the stability of closed orbits is well known for the elastic structures
subjected to dynamic loads (see, for instance {22, 23, 24]). But, to the best of author’s
knowledge, no clear stability criterion has been given for elastoplastic structures subjected

to dynamic or quasi-static cyclic loads.



1.2 SCOPE

This research has two purposes. One is to generalize the steady-state limit theory, originally
developed for cantilever beam-columns, so as to find the steady-state limits of elastoplastic
trusses subjected to cyclic, quasi-static and proportional loading in the presence of constant
loads. The other is to introduce the concept of stability of steady states into the quasi-static
problem of elastoplastic structures under cyclic loads.

This research is part of the project that aims to develop the theories and methods for
predicting the critical loading conditions that bound convergence and divergence of defor-
mations of elastoplastic structures with arbitrary shapes and materials. For this purpose,
appropriate discretization schemes, such as finite element methods, seem to be promising.
We treat only trusses in this research for simplicity. But the theories presented in this thesis
can be easily extended to the elastoplastic structures with arbitrary shapes whose behavior
is described by uni-axial stress-strain relations. In fact, one of the present methods has been
successfully applied to moment-resisting frames with a fiber element {25]. In addition, anoth-
er theory presented in this thesis is expected to be directly applicable to three dimensional
continua with almost no restriction.

Toward the ends stated above, the specific subjects of this study are described as follows:

1. To formulate incremental relations for the variation of the steady states of trusses with
respect to the variation of the amplitude of cyclic loading.

2. To relax and exclude the basic assumption on strain reversals employed in the previous
steady-state limit theory for cantilever beam-columas.

3. To derive the stability criterion of steady states and to characterize the steady-state

limit as the critical steady state at which the stability is lost.

The relations between these subjects and the composition of this thesis are written in the
following paragraphs. All chapters are written to be as self-consistent as possible. Through-
out this thesis, validity of the hypothesis and the results of the proposed methods are shown
in numerical examples.

In chapter 2 a method is presented for finding the steady-state limits that bound conver-
gence to elastic shakedown and divergence of plastic deformations. The method is a simple
extension of the steady-state limit theory for cantilever beam-columns. But a chapter is
assigned to this method because it provide the backbone of the methods presented in the
later chapters. In the present method, a steady state is uniquely described by the state
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variables at load reversals by assuming that strain reversals in steady states occur only at
load reversals. By differentiating all the state variables representing a steady state and by
using the Taylor series expansion, new incremental relations are formulated for tracing a
steady-state path, which represents variation of a steady state under the idealized cyclic
loading program with continuously increasing amplitude. The steady-state limit is found as
the first limit point of the steady-state path.

Chapter 3 presents a theory and method for finding the steady-state limit that bounds
divergence of plastic deformations and convergence to plastic shakedown. When plastic
shakedown occurs, strain reversals may take place not only at load reversals but also at the
yielding of the elements exhibiting the plastic shakedown. The previous approach cannot be
applied to such cases because the assumption on strain reversals in the previous method is
not valid in such a case. This difficulty is overcome by relaxing the assumption so that the
strain reversals due to the yielding is taken into account. Based on the relaxed assumption, a
steady state is described by the state variables not only at load reversals but also at yielding
points of the elements exhibiting plastic shakedown. This is the key extension from the
methods presented in the previous chapter. Once a steady state is represented by a set of
equilibrium states, similar to the previous method, incremental relations are formulated by
differentiating the state variables, steady-state path is traced incrementally, and the steady-
state limit is found as the first limit point of the steady-state path.

In chapter 4, an alternative method is presented for tracing the steady-state paths, and
a theory is developed for finding the steady-state limit as the critical steady state at which
loss of the stability of steady states occurs. In this method, first, a steady state is expressed
by discretizing its equilibrium path with respect to an equilibrium path parameter. Second,
deviation from the steady state due to the change of the amplitude of cyclic loading is
expressed using the recurrence equation that relates two consecutive periodic instants. The
recurrence equation is formulated in terms of the plastic strain increments with respect to the
change of the amplitude of cyclic loads. Then the stability of the steady state is rigorously
defined and the stability criterion is given in terms of the eigenvalue of the coefficient matrix
in the recurrence equation. The steady-state path is traced using the recurrence equation,
and the steady-state limit is found as the critical steady state at which the stability of steady
states is lost.

Finally, concluding remarks are made in section 5. Advantages and drawbacks are written

for the methods proposed in this thesis. Subjects of future research are summarized.
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1.3 LIMITATIONS

The assumptions and limitations made in this research are listed below:

o Analytical models are pin-jointed space trusses.

¢ Buckling of the element is ruled out. But buckling of a global type is taken into account.

¢ Only quasi-static loads are applied. In other words, dynamic effects are neglected.

o For both constant and cyclic loads, only proportional loading is considered.

e Stresses and strains are measured using the Total Lagrangian formulation.

e Assumptions of large displacements-small strains are employed.

e As a uni-axial constitutive law, bi-linear kinematic hardening rule is employed. Thermal
effect is neglected. Cyclic hardening and cyclic softening is neglected.

e Neither brittle nor ductile cracking is considered.

1.4 TERMINOLOGY

The terminology used in this paper is briefly summarized. More rigorous definition of these

terms are given in the following chapters.

o Steady State: When elastoplastic structures are subjected to quasi-static cyclic loads,
its response may converge to a cyclic response. The cyclic response is called a steady
state.

o FElastic Shakedown, Classical Shakedown, Shekedown: A cyclic and fully elastic struc-
tural response after some histories of plastic deformations.

o Plastic Shakedown, Alternating Plasticity: The steady state in which plastic deforma-
tions are included.

o Cyclic Instability, Incremental Collapse, Raichetting: The state in which deformation
grows proportionally or exponentially with respect to the number of the cycles.

o [dealized Cyclic Loading Program: The loading program where the amplitude of the load
factor of proportional loads is continuously increased. At each level of the amplitude,
the loading cycle is repeated as many times as necessary for convergence.

o Steady-State Path: Under the idealized cyclic loading program, variation of a steady
state can be regarded as a path. This path is called a steady-state path.

o Symmetric Steady State, Asymmetric Steady State: A steady state is called a symmetric

steady state if a pair of the deflected configurations at load reversals is symmetric with
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respect to the initial symmetric axis. Otherwise, the steady sate is called asymmetric
steady state.

Symmetry Limit: The symmetry limit is the critical steady state at which transition
from the symmetric steady state to the asymmetric steady state can occur under the
idealized cyclic loading program.

Steady-State Limit: The steady-state limit is the critical steady state beyond which
structures will no longer exhibit any convergent behavior under the idealized cyclic
loading program.

Stability of Steady States: A steady state is said to be stable if a small change in the
amplitude of cyclic loading leads to a small change in the responses. Otherwise, the

steady state is said to be unstable.
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Chapter 2

Steady-State Limit for Elastic
Shakedown Region

2.1 INTRODUCTION

Under cyclic bending with stepwisely increasing amplitude in the presence of a certain com-
pressive axial force, it is known through experiments [1, 2] that a cantilever beam-column
exhibits the following consecutive three classes of behavior as shown in Fig. 2.1: (1) Con-
vergent behavior to a symmetric steady-state, in which a pair of deflected configurations at
load reversals is symmetric with respect to the initial member axis; (2) Convergent behavior
to an asymmelric steady-stale, where the deflected shapes involve a certain anti-symmetric
mode; (3) Divergent behavior, which is referred to as cyclic instability in this paper, where
deformation grows proportionally or exponentially with respect to the number of the cycles.

The concepts, called the symmetry limit and the steady-state limit, were introduced as the

Compressive

Forcec'i Disp. Axial Force

Deflected
/ Shapes at
Load Reversals

Symmétry limit Steady-state
' limit
v " . : / %
Symmetric : Asymmetic .  Divetgent
steady state ' steadystate @  behavior
Small > Large

Disp. Amplitude

Figure 2.1: The Symmetry limit and the steady-state limit of a cantilever beam-column.
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critical steady states that bound these three classes of behavior. The symmetry limit is the
critical steady state at which transition from the symmetric steady state to the asymmetric
steady state occurs. The steady-state limit is the critical steady state beyond which the
beam-column will no longer exhibit any convergent behavior. To predict the symmetry limit
and the steady-state limit, the symmetry limit theory and the sieady-state lim:it theory were
developed, respectively [1, 2, 3].

It might be thought that the symmetry limit and the steady-state limit can be found by
applying previously established theories. Nevertheless, none of them are directly applicable
for the following reasons: (1) Plastic buckling theory [4, 5]: The symmetry limit and the
steady-state limit are phenomenologically and conceptually different from the critical points,
such as a branching point and a limit point, of the equilibrium path. In other words, cyclic
instability may take place without passing the critical equilibrium points; (2) Shakedown
theory and its extensions: The symmetry limit and the steady-state limit are generally
observed under the strong effect of geometrical nonlinearity. In the classical shakedown theory
[6, 7], however, geometrical nonlinearity is completely neglected. Though several papers
[8, 9,10, 11, 12, 13, 14, 15, 16] extended the classical shakedown theory by taking geometrical
nonlinearity into account, the extended shakedown theories are not valid when compressive

stresses and/or large deformations have strong influence on the structural response, where

Closed Equilibrium Path at
WA a Steady State

Steady-State Point

Equilibrium Path in

| Steady-State Path
a Transient Process

........................................... -
u Al al
TH a,
Y2 1 Equilibrium State 32 | . Steady-State
: Variables a : Variables
Uz Um 2 an
(a) Equilibrium-State Space (b) Steady-State Space

Figure 2.2: The equilibrium-state space and the steady-state space.

12



structural responses are path-dependent; (3) Numerical methods for response analysis: It
is possible to bound convergence and divergence of plastic deformations (see e.g. [17, 18])
under specified loading histories. But a number of parametric analyses are required for
bounding the structural responses. Moreover, the parametric analyses will never lead to any
theoretical condition similar to that for the Euler load.

On the other hand, the symmetry limit and the steady-state limit can be found theo-
retically, though under a specified loading history, in the symmetry limit theory and the
steady-state limit theory. The limits are found based on the following concepts. First, a
steady state is considered as a point in a special space schematically illustrated in Fig. 2.2.
Second, the sequence of these points, generated under an idealized cyclic loading program
with continuously increasing amplitude, is regarded as a continuous path. This path is called
the steady-state path. Third, the symmetry limit and the steady-state limit are found re-
spectively as the first branching point and the first limit point of the steady-state path as
shown in Fig. 2.3. Since only the sequence of the steady states is traced, there is no need for
tracing the transient process between any pair of two adjacent steady states. Furthermore,
no parametric analysis is needed to detect the two limits because they are predicted as the
critical points of the steady-state path.

For a few classes of structures, the symmetry limit theory and the steady-state limit
theory have been applied. It was shown that severe cyclic instability is induced when the
deflection amplitude is in excess of the symmetry limit or the steady-state imit [2, 19]. In

those studies, however, only the simple structures, e.g. a cantilever beam-column or a unit

>
TOA
@
ke
Divergent £
ivergen =
Behagior g' Steady-State Limit ¥,
4./ < . -

Sequence of v/
Asymmetric
Symmetry Limit Steady States ,

N v : v
Sequence of L
bl .M Symmetric :
Vo= (v +Vv'}/2 | Steady States
i

-

—

-

Anti-Symmetric Component : V(H/2

Figure 2.3: The symmetry Jimit and the steady-state limit in a steady-state plane.

13



frame, were treated for which analytical solutions can be derived. Hence, to investigate
the limit states of more complex and practical structures, which generally do not have a
symmetry limit if they do not have a symmetric shape, it is necessary to establish a method
for predicting the steady-state limit using appropriate finite element methods.

The purpose of this chapter is to present a new method for finding the steady-state limit
of elastoplastic trusses, which are one of the simplest finite dimensional structures, subjected
to initial constant loads and subsequent cyclic loads. In the following sections, governing
equations are described first. Then the fundamental concepts of the steady-state limit theory
are shown. Next, using the Taylor-series expansion, a new incremental theory is formulated
for tracing the steady-state path. Finally, validity of the proposed method is demonstrated
through numerical examples. The effects of the difference of loading histories on structural
responses are also shown in the numerical examples.

For simplicity, our consideration is restricted to the case in which dynamic and thermal
effects can be neglected. In addition, the scope of this chapter is limited to an elastic shake-
down region because the problem becomes much more complicated when plastic shakedown
occurs in the trusses. Throughout this chapter, as referred in recent papers (see e.g. [9, 18]),
elastic shakedown or classic shakedown means a cyclic and fully elastic structural response
after some history of plastic deformations. And plastic shakedown is so called alternating

plasticity in which plastic deformations are included in steady cycles.

2.2 GOVERNING EQUATIONS
2.2.1 Analytical Model

Consider a space truss with M elements and N nodes. Compatibility conditions, equilib-
rium conditions and constitutive relations are given for an element shown in Fig. 2.4. By
assembling the equilibrium equations for the element, we have those for the total systerﬁ.
Buckling of the element is ruled out. But buckling of a global type is taken into account
using a nonlinear strain-displacement relation.

We measure stresses and strains using the Total Lagrangian formulation (see e.g. [20, 21,
22, 23]). Assumptions of large displacements-small strains are employed. Green-Lagrangian
strain ¢ is expressed as

- 12

© T Toir

(2.1)
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Figure 2.4: A space truss element.

where L and Ly are the current length and the initial length of the element, respectively.

The relations between the current length L and the nodal displacements wu; are written as
LY = (s 21) P+ (25 — 32) + (26 — 23)° (2.2)
T = x0 + U i=1,-,6 (2.3)

in which z; and z?¥ indicate the current position and the initial position of the nodes at the
two ends, respectively, as illustrated in Fig. 2.4.

The principle of virtual work for the element is given by

de
fibu; = [v obedV = ALoO'a

4

where f; is the nodal forces, du; is the virtual nodal displacements, V' is the initial volume, o
is the second Piola-Kirchhoff stress, ¢ is the virtual strain, and A is the initial cross sectional
area. Note that summation convention is used only for subscripts 7 and j throughout this
chapter. Since the virtual work equation {2.4) should be satisfied for any éu;, we obtain the
equilibrium equation

de
9 u;
As a uni-axial constitutive relation for the truss element, we use a bi-linear kinematic

fi = Alyo (2.5)

hardening rule shown in Fig. 2.5. In terms of Young’s modulus E, the tangent modulus
after yielding F;, the initial tensile yield stress o, and the plastic strain €,, the constitutive

law is expressed as follows:

o = E(e — &) in the elastic and unloading ranges, (2.6)
o =Eec+5, for the plastic loading in tension, (2.7)
o = Fie— 0y, for the plastic loading in compression. (2.8)

where 5, = (1 — E,/E)o,.
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2.2.2 Cyclic Responses

For later formulation of the steady-state limit theory, we must examine all possible types
of the cyclic responses in the stress-strain plane. Possible cyclic responses are classified into
four different types E, C, T and P as shown in Fig. 2.6, where the superscripts £ and ¢
indicate the state variables, such as stresses, strains, and displacements, at strain reversals
in tension and compression, respectively. In terms of (g%, %) and (£°, 6°), the cyclic responses

can be uniquely described as:
ot = E(e' — g), (2.9)
0° = E(e° —¢;) (2.10)
for type E, which represents a purely elastic response or an elastic shakedown state.
o' = Bt +5,, (2.11)
o¢ = (B: — BE)e* + E<® + 7, (2.12)

for type T, which is the elastic shakedown state whose maximum stress reaches the tensile

yield stress.
o' = Ee¢' — (E — E)e° + 7y, (2.13)
0¢ = Bt — oy (2.14)

for type C, which represents the elastic shakedown state that starts from and reaches the

compressive strain hardening line. Though all the possible types are shown in Fig. 2.6, type

ch o=Ee+(1-E/E) Oy

Oyl o=Fe-{1- E/E)oy

Figure 2.5: A bi-linear kinematic hardening rule.
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Figure 2.6: Possible types of cyclic responses.

P is not considered in this chapter because the discussion is limited to the elastic shakedown
region as mentioned in the introduction.

Note that the plastic strain ¢, is eliminated in Egs. (2.12) and (2.13). For type T, ¢° is
expressed in two ways using Eqs. (2.6) and (2.7), while ¢¢ is written using only Eq. (2.6).
The plastic strains at the strain reversals is eliminated using these three expressions and the

following relation
gl =&c. (2.15)

For type C, the plastic strain can be eliminated similarly.

2.3 FUNDAMENTAL CONCEPTS
2.3.1 Loading Conditions

The truss is subjected to initial constant loads AgPp and subsequent cyclic loads A.P.. Here,
A and P denote the load factor and the constant vector, respectively. The subscripts 0 and
c indicate that the variables refer to the constant loads and to the cyclic loads, respectively.
External forces and/or forced displacements are applied as the external loads. In other
words, nodal forces and/or nodal displacements are included in P. The load factor A, is
varied between the maximum value Al = 1 and the minimum value Al = —4 in a cycle,
where 9 denotes the amplitude of A.. The equilibrium states at which A, = AL and A, = Al
are called I'M state and I'! state, respectively. The superscripts I and I indicate that the
state variables refer to those for the I'! and T'! states, respectively.

As a preliminary program, consider a cyclic loading program shown in Fig. 2.7 (a). In the

program, the loading cycle is repeated as many times as necessary for the truss to converge

17



L
-

I -

(a) Stepwisely Increasing
A_W:l:‘ Amplitude Program

Load Factor A,
=

<
>
=
Y
o

Load Factor lc

(b) Continuously Increasing
Amplitude Program

Figure 2.7: The idealized cyclic loading program.

to a steady state. After convergence, a small increment A+ is added. A sequence of the
steady states is generated under the cyclic loading program as shown in Fig. 2.2.

By taking the limit At — 0 as illustrated in Fig. 2.7 (b), the sequence of the points
can be considered as a continuous path. The continuous path is called steady-state path.
The steady-state path is defined by a monotonically increasing parameter 7, called steady-
state path parameter. The steady-state limit is characterized as the first limit point of the

steady-state path as shown in Fig. 2.3.

2.3.2 Hypotheses

To formulate the sequence of the steady states in terms of the state variables for I'! and T'I,

the following hypotheses are introduced:

Hypothesis 2.1 All the state variables for I'' and I'! are continuous and piecewise differ-

entiable functions of 7.
Hypothesis 2.2 For all elements, strain reversals occur only at T'! or 'L,

These hypotheses are the alternative statements of the hypotheses (H2) and (H3), re-
spectively, introduced by Uetani and Nakamura 1, 2]. Note that hypothesis 2.2 is applied
not for the transient response between the consecutive steady states but for the steady state

response after convergence.
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2.3.3 Outline

Based on these hypotheses, the procedures for finding the steady-state limit are outlined as

follows:

1. A steady-state is uniquely described by a set of the state variables that belong to the
equilibrium states I'' and T'%.

2. The steady-state path is traced incrementally, where incremental relations are obtained
by differentiating the state variables for I'" and I'! with respect to 7.

3. The steady-state limit is found as the first limit point of the steady-state path.

2.4 FORMULATION
2.4.1 Incremental Relations for Variation of Steady State

When all the state variables are known for the current steady states at 7 = 73, the problem
is then to determine those for a neighboring steady state at 7 = m,4). Let A1 = 7h41 — T
be an increment of the steady-state path parameter 7. Then, on the basis of hypothesis 2.1,

the state variables for I'! at 7 = 73,,.; are expressed using Taylor-series expansion as:

Ulmyy1) = Ul(m) + ﬁI(T)L)AT + %I"Jl(v'h_)/_\'r2 +--, (2.16)
Fl(r) = Fir) + B (m) AT + %F‘ () AT + -+, (2.17)
El(ris) = E\(7) + E () A7 + %E‘(v—h)m? . (2.18)
B (1) = EL(rs) + Bo(m)AT + %E;(Th)m? +een (2.19)
S'(mar) = $(m) + 8 (m)A + 28/ (7)AT + - (2.20)

where F and U are the nodal force vector and the nodal displacements vector, respectively,
with 3V components, and E, E, and S denote the strain vector, the plastic strain vector, and
the stress vector, respectively, with M components. The super dot indicates differentiation
with respect to 7. The variables for I'! are expressed by replacing the superscript I with IL.

For simple presentation of the incremental theory, only the formulation is shown here in
which the terms higher than or equal to the second order are neglected. However, since it
is desirable to use a more accurate solution method for this highly nonlinear system, the

formulation including the higher-order derivatives is presented in Appendix A.
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2.4.2 Rate Forms of Governing Equations

By differentiating all the governing equations for I and I'! with respect to the steady-
state parameter 7, we derive the rate form of the governing equations. The rate forms of the
governing equations are simply called rate equations in this chapter. Differentiation of the

compatibility conditions (2.1)-(2.3) yields

g 9
EI = a—"lzi—luil, (221)
a_ 0&" .
EH = "é'—ui—n‘ll,iu. (222)

Recall that summation convention is used only for the subscripts ¢, j and & which are varied

from 1 to 6. Rate forms of the equilibrium conditions are given by

: 0! 9% &
I_ ) I 4! 2.2
fi = AL (0 Dl +og s ujluf) , (2.23)
: & et 9% "
1 = ALy ( ; ——) | (2.24)
R 3wl 9 u;lt

Differentiating the stress-strain relations (2.9)-(2.12), the stress rate-strain rate relations can

be expressed for the strain-reversal points in the form of
ot = CUet 4 O, (2.25)

6° = Cét 4 0o (2.26)

0 : (e'(xy,), olty)
m : (e%(ty), o%(1p))
O : (Mthp1), Ol (T141))
® : (e(th41)) 0%(Thyq))

C+CE°<0) C+»EE®>0)

Figure 2.8: Possible types of the variation of cyclic responses.
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where C°¢, C¢, C* and C" are coefficients that should be chosen according to the current
type of the cyclic response and the signs of the strain rates as schematically illustrated in
Table 2.1 and Fig. 2.8. It may be worth noting that the stress rate-strain rare relations are
derived by differentiating Egs. (2.9)-(2.14) in the proposed method for steady-state limit
analysis. In contrast, they are obtained by differentiating Egs. {2.6)-(2.8) in the conventional
methods for response analysis.

To derive the rate equations for I'" and ', Egs. (2.25) and (2.26) for the strain-reversal
points are transformed into those for the load-reversal points by replacing their superscripts
on the basis of hypothesis 2.2. The superscripts ¢ and ¢ are replaced by I and II, respectively,

or they are replaced with IT and I, respectively. After replacing the superscripts, we have

&t = Clel 4 O, (2.27)

ol = CMel 4 Cllel, (2.28)

Substituting Eqs. (2.21), {2.22), (2.27) and (2.28) into Eqs. (2.23) and (2.24), we have

the rate equations for each element

f1 = Kal + Kl (2.29)
FE = Kl + kb (2.30)

Table 2.1: Stress rate-strain rate relations for the strain-reversal points.

Type Strain Rate C* (' cet Qe

E E 0 0 E

T >0 E, 0 E.-E E

21



where

del 9el P &l
SIGEN'Y S el I 2.31
& 0( Bzai‘é)uj1+08u513uj1)’ (2.31)
del ol
a0 _ 1 .
‘l"ij = AL, C 3 uil m, (232)
W= agcm e o€ 9.33
g T 0 O w8 uyl’ (2.33)
gel gt 9% et
L — m_--_ -~ LS 2.34
7 ALO (C d ui“ a ’U,ju to 8 ’LL,'H 0 ’U,jn) ( )

By assembling Egs. (2.29) and (2.30) throughout the whole structure, the following rate
equations are derived for the total system:

F = KU + KO, (2.35)

Fo= KU gy (2.36)

where K, K™ K™ and K™ are the coefficient matrices of the nodal displacement rates. By
specifying 1 and by using the boundary conditions, we have a system of 2 x 3N simultaneous

linear equations.

2.4.3 Consistent Set of Stress Rate-Strain Rate Relations

When an element exhibits type T or type C behavior, the coefficients of the strain rates
should be chosen according to the signs of the strain rates as shown in Table 2.1 and Fig.
2.8. Therefore, for all the elements exhibiting the type T or the type C behavior, we should
choose a set of the coefficients that are consistent with the signs of the resulting strain rates.
Note that the term consistent used here has no relation with the one used in integration
algorithms for the numerical response analysis of elastoplastic solids or structures {see e.g.
(24, 25)).

To find the consistent set of the coefficients, we efnploy a trial and error approach, which
is also used in the conventional response analysis [26]. In the trial and error approach, first,
the signs of the strain rates E and E' are assumed to be equal to those in the last step.
Then, the coefficients C¢, C%, C* and C* are determined according to the assumptions,
and the rate equations are constructed. After the rate equations are solved and E and E'
are calculated, the consistency is checked between the assumed signs of the strain rates and
the resulting ones for all the elements exhibiting the type T or the type C behavior. If the
signs are not consistent, the assumed signs are reversed. This procedure is continued until

all the resulting signs of the strain rates are consistent with the assumed ones.
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2.4.4 Termination Conditions for Incremental Step

When the type of the stress-strain cyclic response changes, a different type of stress rate-
strain rate relation should be used in Eqs. (2.27) and (2.28). Step length A7 is therefore
determined considering the conditions for the transition of the type of the stress-strain cyclic
response. Let oy, and o, denote the subsequent yield stresses in tension and compression,

respectively. Then, for every element, At is calculated using the following conditions:

o' (Thy1) = oy, (2.37)
ac(Th-i-l) = Oye; (238)
o Thi1) — 0 Thy1) = Oyt — Oye = 20, (2.39)

where 08(Thy1) = ot(mn) + ¢' (7)) A7 and 6%(7he1) = 0(7) + () AT in the linear approxi-
mation. Here, the Eqs. (2.37)-(2.39) describe the conditions for the transition of the cyclic
response for E — T, E — C, and E, C or T — P, respectively. Examples of the transition
are given in Fig. 2.9. Note that the subsequent yield stresses are expressed in terms of the

plastic strain at the current steady state as follows:

EE,

Tyt = £ Ete,,('rh)+oy, (2.40)
EE

Oye = E— -tEtsp(Th) — Oy. (241)

> T=Th o 1=y

Figure 2.9: Examples of transition of cyclic responses: (a) E — T and (b) C — P.
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Besides the conditions above, the step length A7 should be kept small enough to prevent
excessive accumulation of truncation errors. Hence the step length A7 is selected as the
smallest value among the values calculated from the conditions (2.37)-(2.39) and the specified
maximum allowable value A7,,,. When Ar is determined by (2.37) or (2.38), the stress
rate-strain rate relations are changed in the next step. When (2.39) is used to determine

AT, the incremental analysis is terminated.

2.4.5 Steady-State Limit Condition

Now, all the first-order derivatives and the step length A7 have been obtained. Substituting
AT and the first-order derivatives into Eqs. (2.16)-(2.20), we have all the state variables at
T = Tp41. Repeating these procedures, the steady-state path is traced incrementally.

As mentioned before, the steady-state limit is defined as the first limit point of the steady-

state path as shown in Fig. 2.3. The steady-state limit condition is given as
P <0 (2.42)

Note that, to find the limit point and to trace the steady-state path after the limit point, an

procedure should be employed similar to displacement control schemes [26, 22].

2.5 NUMERICAL EXAMPLES

The proposed method has been developed on the basis of the two hypotheses. Moreover the
steady-state limit is predicted regardless of the transient process between the two consecutive
steady states. Hence validity of the two hypotheses and the steady-state limit should be
examined. For this purpose, both steady-state limit analysis and conventional response
analysis, in which the entire history is traced, are carried out for a two-bar arch truss and a
ten-bar cantilever truss. And the results of the analysés are compared. In addition, the effect

of the differences of the loading histories are discussed through these numerical examples.

2.5.1 Steady-State Limit Analysis

Initial shape, boundary conditions and loading conditions of both plane trusses are illustrated
in Fig. 2.10. The initial constant forces and the subsequent cyclic forced displacements are
denoted by AgFp and AU, respectively. Here, Fy = 9.807 x 10°N and U, = lcm. The
cross-sectional areas of the two-bar truss are Ay = 1 cm? and Ay = 2 cm?, and those

of the ten-bar truss are as follows: Ay = Auy = A = 11 em?, Ay = Ag) = 1.1 cm?,
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Ay = Ay = Apoy = 10 em?, and A7y = A = 1 cm®. Both trusses obey a bi-linear
kinematic hardening rule with F = 1.961 x 102GPa, E, = 0.01F, and o, = 2.942 x 10°MPa.
Throughout the steady-state limit analysis, higher-order terms up to the second order are
incorporated (see Appendix A), and the maximum allowable step lengths are set to A%, =
0.05 and ATper = 0.2 for the two-bar truss and the ten-bar truss, respectively.

Let Ayﬁg and A, Fp denote the initial yield load and the initial buckling load, respectively,
for the trusses subjected to only AgFp. As the results of the conventional response analysis,
we have A, = A, = 0.7477 for the two-bar truss, and A, = 30.96 and A, = 40.38 for the
ten-bar truss. Note that the term buckling means that the lowest eigenvalue of the tangent
stiffness matrix for the Hill’s linear comparison solid [5, 27} becomes non-positive in tracing
the equilibrium path. In Hill’s linear comparison solid, any yielding element is assumed
to behave with their tangent stiffness for plastic loading even if its strain changes in an
unloading direction.

Figures 2.11 and 2.12 illustrate the results of the steady-state limit analysis performed
under different initial constant loads. The normalized load factor Mg/, is parametrically
changed between 0 and 1 with increments of 0.005 and 0.01 for the two-bar truss and the ten-
bar truss, respectively. The solid line represents the steady-state limit ¥,y and the dashed
line shows the boundary between the elastic shakedown region and the plastic shakedown

region.

Cyclic Forced Disp. AU, |- Initial Force AgFg

Hy=10cm
| —

Ha = 800cm
400cm T 400cm

(b)

Figure 2.10: The geometry of (a) a two-bar truss and (b) a ten-bar truss.
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Figure 2.11: The elastic shakedown boundaries for the two-bar truss.
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Figure 2.12: The elastic shakedown boundaries for the ten-bar truss.
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2.5.2 Response Analysis

It is very difficult to realize the idealized cyclic loading program employed in steady-state
limit analysis. For the verification, therefore, we use the following two realistic loading
programs shown in Fig. 2.13: (1) STIDAC program. The amplitude 1 of the forced dis-
placement is increased every half cycle with an increment A+ from zero to a specified value
Pmaz, then 9 is kept constant in the following cycles; (2) STIDAD program. Throughout
all cycles, ¥ is kept a constant value t). The value of ¥,,q; is set so as to be just below
and above that of ;4. The value of 4 is set similarly. Consequently, the response analysis
is performed four times for each value of 7,y. Formulation for the response analysis and
criteria for convergence and divergence are shown in Appendix B.

For both of the trusses, the steady-state limit predicted by the proposed method is in
good agreement with the results of the response analysis performed under the STIDAC
program with ¥mez = (1 £ 0.001)%, and A9 = 0.001%.,. Namely, convergence is observed
if Pmez < Vsq and, otherwise, divergence is obtained. Obviously, the program STIDAC
become closer to the idealized program employed in the steady-state limit analysis as A
is made smaller. It may be therefore concluded that the steady state limit obtained by the
proposed method is directly verified.

On the other hand, under the STIDAD program with ¥ = (1 £ 0.001)1,s, the ten-bar
truss converges to elastic shakedown state in the hatched range in Fig. 2.12 regardless of
¥ > 1), However, such inconsistent results are obtained only when ¥ > Psq. From these
results, it is observed that the value of the steady-state limit ., defined for the idealized
cyclic loading program, is smaller than the limiting value of 1 that bounds convergence and
divergence under the STIDAD program.

In Fig. 2.14, the relation between the vertical displacement U] and the number of the
cycles is plotted for the two-bar truss subjected to the STIDAD program with the four
constant amplitudes ©¥/t,q = 0.80, 0.99, 1.01 and 1.05 under the initial loads Ag/A, = 0.5.

By <
S Time g Time
3 ©
w w —
g Ymax g y
3 S
(a) STIDAC Program (b) STIDAD Program

Figure 2.13: The cyclic Joading programs: (a) STIDAC and (b) STIDAD.
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It can be observed from Fig. 2.14 that cyclic instability occurs if the amplitude ¥ is above
the predicted value of th,4, whereas Uf converges otherwise.

Figure 2.15 illustrates comparison of the results for the ten-bar truss obtained by the
steady-state limit analysis and the response analyses performed under various cyclic load-

ing programs under the initial constant load Ag/As = 0.85. This figure shows the path-

Vertical Disp. : U;/H,

0 5 10 15
Number of cycles

Figure 2.14: Convergence and divergence of U; for the two-bar truss (A/), = 0.5).

(x10°)
3 = : '
T\ % . STIDAC with
Limiting Value Large Ynax
o for STIDAD (o
I p
J 2k N
> Vssl
1)
S
"—51 g
£ 1+ STIDAD
<
0 L
_1 0 1 2 3

Lateral Disp. : Us/ Hy (><10_2)

Figure 2.15: Path dependence of U} on loading history for the ten-bar trusses (A/), = 0.85).
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dependence on loading history of the limiting value that bounds convergence and divergence.
In the figure, U, is the displacement of node 5 for X; direction. The solid line indicates the
steady-state path. The dashed line shows the variation of Ul with respect to ¢ under STI-
DAC program with At = 0.001%,, and a sufficiently large value of y,... The circular
symbols plot Ul in the steady states under the STIDAC programs with A = 0.001),, and
various values of ¥me,. The square symbols indicate U} after convergence under the STIDAD
programs with the values of ¥ corresponding to the values of Pnee. Good agreement between
the steady-state path and the circular points demonstrates the validity of the hypotheses
(H2*) and (H3*).

2.6 CONCLUSIONS

A new method has been presented for predicting the steady-state limit of elastoplastic trusses
subjected to quasi-static cyclic loads in the presence of constant loads. By applying the
proposed method, we can find the steady-state limit of arbitrary shaped frames with truss
and/or fiber elements. In the proposed method, there is no need for tracing the transient
process between consecutive steady states, and no parametric analysis is needed for finding
the steady-state limit. The proposed method is therefore much more efficient than the
conventional methods for numerical response analysis.

Through the numerical examples, the following conclusions have been obtained:

1. Good agreement is observed between the results of the steady-state limit analysis and
those of the conventional response analysis when the loading conditions for these anal-

yses are close.

2. The limiting values below which elastic shakedown occurs depend on the loading history.
Obviously, Melan-type or path-independent shakedown criterion cannot be extended to
such cases.

3. The steady-state limits, defined under an idealized cyclic loading program with continu-
ously increasing amplitude, provide lower bounds for the limiting values obtained by the

response analysis performed under the two typical and realistic cyclic loading programs.
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Appendix A. Formulation with Higher-Order Deriva-
tives

A formulation with higher-order derivatives is presented for the steady-state limit analysis.
By using the higher-order derivatives, terminal points of incremental steps can be found with
the desired accuracy. We derive here only the second-order derivatives for brevity. But the
higher-order derivatives can he obtained similarly.

Differentiation of the rate equations (2.21)-(2.28) with respect to the steady-state path

parameter 7 yields the second-order perturbation equations as follows:

o o0& 2% €l

.1-1
— L B 2.43
0 ’U,iluz d ’U,il 0 ’leIUIuJ ( )

for the compatibility conditions,

I 2 _I 2 I
"I -1 3 13 1 a £ ] | 3 £ -7
;= AL + U, + 20" —————Uu.; 2.44
J; “{Uaug U@uilaujl I Uauilaujluj (244)
for the equilibrium conditions, and
§' = Cl& + oMt (2.45)

for the stress-strain relations. Note that C = C™ = 0 because the bi-linear constitutive

relation is assumed.

From Eqs. (2.43)-(2.45), we have the second-order perturbation equations for each element

fi = kil + k) + fl (2.46)
3 el 92 ! a2 el
Fl 11 .11 1n i ~
52 &l
+2ALy6" il

gl & u;l 7

in which a hat indicates the variables expressed in terms of the first-order derivatives. Note
that the coefficients &} and %) are identical to those in Eq. (2.29). We have the perturbation
equations for the I'! state by replacing the superscripts I and Il with I and I, respectively. As-

sembling the perturbation equations for the elements leads to the second-order perturbation

equations for the total system
F o= KO+ KOO R, (2.48)
Fo= KU+ KO B (2.49)
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Note again that the coefficient matrices are same as those in the rate equations (2.35) and
(2.36). These 2 x 3N simultaneous linear equations (2.48) and (2.49) are to be solved using
the boundary conditions after the value of P is specified.

When the derivatives are employed up to the second order, the termination conditions
Egs. (2.37)-(2.39) of the incremental step become quadratic equations of the step length A7,
while the conditions are linear equations when only the first derivatives are used. Besides

these termination conditions, we must consider the conditions
' (The1) = €(m) + E(m)AT =0, (2.50)
E(Tht1) = €5(m) + E(m)AT =0 (2.51)

for the transitions T — E and C — E, respectively. Note that, by using the higher-order
terms, we do not have to find the consistent set of stress rate-strain rate relations as far as no
discontinuous change occurs in the derivatives with respect to 7. But, if the discontinuous
change occurs, e.g. types of the cyclic stress-strain response changes, the consistent set
should be found at the moment.

Substituting the step length and the derivatives up to the second order into Egs. (2.16)-

(2.20), we obtain the values of the state variables at 7 = 73,;.

Appendix B. Formulation and Convergence Criteria
for Response Analysis

As a solution method for the response analysis, the incremental perturbation method [26]
is used in this chapter. In this method, the equilibrium path is traced using the higher-order
derivatives up to the desired order with respect to the equilibrium path parameter . Hence
yielding and unloading can be predicted with the desired accuracy.

Differentiating the kinematic relations (2.1)-(2.3), we obtain the following equations

d
& = o (2.52)
3] Ui
where prime indicates partial differentiation with respect to . The equilibrium condition is
written as
e 9% ¢
'= AL ! . 2.53
fi 0 Jaui+08u,—3uju3 ( )

The constitutive relations is expressed as

o = C¢ (2.54)



in which

C=F in the elastic range, (2.55)
C=2E,<>0 for the loading response in tension, (2.56)
C=2F <0 for the unloading response in tension, (2.57)
C =E, <0 for the loading response in compression, (2.58)
C=E >0 for the unloading response in compression. (2.59)

Differentiating Eq. (2.5) with respect to ¢, we have the equations for each element

fi = ki, (2.60)

de e i 9% e
Buiauj 3ui8uj'

ki = C (2.61)

By assembling the equations for each element, we obtain the equations for the total system

as
F = KU (2.62)

Note that we should find the set of tangent stiffnesses that are consistent with the result-
ing signs of E'. Differentiating Eqs. (2.52)-(2.62), higher-order perturbation equations are
derived. Solving the perturbation equations, we obtain the higher-order derivatives. An
increment is terminated when yielding, unloading or load reversal occurs. In addition, the
step length At is kept smaller than the maximum allowable value Atf,... specified for pre-
venting excessive accumulation of the truncation errors. Repeating these procedures, the
equilibrium path is traced step by step.

In the numerical examples, the higher-order terms are employed up to the second order.
The response is regarded to be divergent if buckling occurs or if one of the absolute maximum
value of U exceeds the specified value U,az. On the other hand, the response is judged to
be convergent when the following condition is satisfied.

Urn+1y — Ungy
Uny

max <& (n=1,2,---,3N) (2.63)

where U, is the nth component of U, subscript [ indicates the number of cycles and € is the
specified value of the relative error. These values are set to be U,ue =5cm, Afpe, =0.001 ,
and & = 1 x 107 for the two-bar truss, and U,,ae =80cm, Alpme, =0.2 , and & = 1 x 107° for

the ten-bar truss.
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Nomenclature

The following symbols are used in this chapter:

A initial cross sectional area;

C  coefficient of &’;
CH#,Cte, C,C  coefficients of £* and £¢;
cl, clE, cU ¢l coefficients of &' and €Y

E  Young's modulus;

E; tangent modulus after yielding;

E  strain vector for total system;

E, plastic strain vector for total system;

specified value of relative error;

]|

F  nodal force vector for total system;
fi  nodal force;
H  Height of truss;
K  tangent stiffness matrix;
KU KT K KM coefficient matrices of Ul and ﬁﬂ;
ki;  coefficient of u’;

,Uj L

I - 1 11,
i kijs ki coefficients of @; and 4y,

L current length;

Ly  initial length;

M number of elements;

N number of nodes;

P, constant vector for constant loads;
P, constant vector for cyclic load;

S stress vector for total system;
t  equilibrium path parameter;
U  nodal displacement vector for total system;
Unmer maximum allowable value of U,;
Ungy  nth component of U at [th cycle;

u;  nodal displacement;
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initial volume;

z; current position of nodes;
z?  initial position of nodes;
e  Green-Lagrangian strain;
€p  plastic strain;
Ao load factor for constant load;
Ay load factor at initial buckling load;
Ac load factor for cyclic loads;
Ay load factor at initial yielding load;
¢ second Piola-Kirchhoff stress;
o, initial tensile yield stress;
oy 0y =(1—E/E)oy;
oye  Subsequent yield stress in compression;
oy, subsequent yield stress in tension;
7  steady-state path parameter;
T T at h step;
At increment of equilibrium path parameter;
Al maximum allowable value of At;
AT increment of steady-state path parameter;
AFpm.. maximum allowable value of A7;
A increment of amplitude;
A1 specified increment of amplitude for STIDAC program;
be  virtual strain;
du;  virtual nodal displacement;
¥ amplitude of A;
s amplitude at steady-state limit;
¥ constant amplitude for STIDAD program; and
Ymaz  maximum amplitude for STIDAC program.
Superscripts
t  variables for the equilibrium states at strain reversals in tension;
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¢  variables for the equilibrium states at strain reversals in compression;
I wvariables for the equilibrium states at A, = ; and

T  variables for the equilibrium states at A, = —1.
Signs

(. ) derivatives with respect to 7;
(") second order derivatives with respect to 7;

( )  quantities expressed with first-order derivatives with respect to 7; and.

( ) derivatives with respect to .
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Chapter 3

Steady-State Limit for Plastic
Shakedown Region

3.1 INTRODUCTION

When structures are subjected to initial constant loads and additive quasi-static cyclic loads,
their responses are classified into the following three types (see for instance [1, 2, 3, 4]): (1)
Convergent behavior to elastic shakedown or classical shakedown, which is a cyclic and fully
elastic response after some histories of plastic deformations; (2) Convergent behavior to
plastic shakedown or alternating plasticity, where structures behave cyclically but plastic
deformations are included in the steady cycle; and (3) ratchetting or incremental collapse,
in which no convergence is observed to the elastic or plastic shakedown state. If excessive
deformations are induced by the ratchetting, total or local buckling may occur (see e.g.
[3, 6, 7, 8]). Including such cases, as defined in the last chapter, the phenomena characterized
by the unbounded growth of plastic deformations is referred to as cyclic instability. The
classification of the types of responses are schematically illustrated in the plane of the loading

combinations (Fig. 3.1}, where ¥ and Ay indicate the amplitude of the cyclic loads and the

h
3

g IC
o]

-

g

7 ESD

5 PSD
&

Cyclic Loads v

Figure 3.1: Classification of structural responses in the plane of loading combination.
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magnitude of the constant loads, respectively. The regions in which the elastic shakedown
and the plastic shakedown take place are called respectively the elastic shakedown region
and the plastic shakedown region.

To design structures subjected to cyclic loads, one should obtain the boundary between
the shakedown regions and the region where cyclic instability occurs. For this purpose, a
number of studies have been conducted on the structural responses under cyclic loading. The
approaches employed in the studies are roughly classified in the following two categories: one
is to trace all loading histories and the other is to predict the boundary theoretically without
tracing the loading histories.

To investigate the elastoplastic responses and to bound convergence and divergence of
plastic deformations, a direct but elaborating approach is to trace all the loading histories of
the structures. Experimental, analytical, and numerical methods are available to this end [3].
By tracing all the loading histories, we can observe the process of deformations and bound
the loading conditions below which the structures behave in a stable manner. Nonetheless,
generally, analytical methods can be applied only to very simple models. And experimental
and numerical approaches require a number of parametric analyses to bound the structural
responses. Moreover, it is very difficult to derive theoretical conditions similar to the Fuler
buckling load from the parametric analyses

To obtain the theoretical condition below which the elastic shakedown occurs, numer-
ous papers have been published on the shakedown theory [1, 4]. The classical shakedown is
extended in several papers [9, 10, 11, 12] to derive the condition below which plastic shake-
down occurs. But only a little research [5, 13] has been made to derive the conditions that
bounds the plastic shakedown and the cyclic instability taking the geometrical nonlineari-
ty into account. Furthermore, the path-independent shakedown theories are not promising
when strong influence of geometrical nonlinearity exists because the responses are inherently
path-dependent in such cases.

To overcome these difficulties, the steady-state limit theory was proposed by Uetani [14,
15| for cantilever beam-columns. Under cyclic bending with stepwisely increasing amplitude
in the presence of a certain compressive axial force, a beam-column exhibits convergence to
steady states before the amplitude reaches a limit, and, after the limit, the beam-column
will no longer exhibit any convergence. This limit is called the steady-state limit [7, 14].
With the steady-state limit theory, though under a specified loading history, the steady-
state limit can be predicted as a theoretical critical point even if the strong effect of the

geometrical nonlinearity exist. In the previous chapter, based on the steady-state limit
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theory for cantilever beam-columns, a method has been presented for finding the steady-
state limit of trusses that bounds the elastic shakedown and the cyclic instability. But
several cases have been observed in which the method fail to find the steady-state limit that
bounds plastic shakedown and cyclic instability.

The purpose of this chapter is to present a method for predicting the steady-state limit for
the plastic shakedown region. For brevity, the method presented in the previous chapter is
simply called the previous method throughout this chapter. In this chapter, first, properties
of the structural responses with the plastic shakedown are studied fo clarify the reason
why the previous method fail to find the steady-state limit when the plastic shakedown
takes place. In the study, our attention is focused on the validity of the hypothesis on
strain reversals employed in the previous method. Then, on the basis of the reason made
clear, the hypothesis on strain reversals is extended and fundamental concepts are outlined.
Second, incremental relations for variation of a steady state are formulated with respect to
the variation of the amplitude of the cyclic loads. Finally, validity of the proposed method

is demonstrated through numerical examples.

3.2 GOVERNING EQUATIONS

3.2.1 Analytical Model

Consider pin-jointed space trusses with M elements and N nodes. Buckling of the element is
ruled out but that of a global type is taken into account using the Total Lagrangian formu-
lation. Under the assumption of large displacement-small strain, compatibility conditions

(X4, X5, Xg )
Current Configuration

(X1 » X0, X3 ) ; (U4, Us, UB)
/(uq, up, ug)
X3 Xo 0.,0,0
l‘ (x ] x5I )
; ALy %6
(xq : x%, xg ) Initial Configuration
X1

Figure 3.2: A truss element.
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Figure 3.3: A bi-linear kinematic hardening rule.

for an element illustrated in Fig. 3.2 are given by

1* - L2
= i
L* = (24— 21) + (25 — T2)? + (26 — 23)%, (3.2)
ZCi:LL‘?-J(—’lLi; ’I,—_~1,,6 (33)

where ¢ is the Green-Lagrangian strain, L and Ly are the current length and the initial length
of the element, respectively, u; is the nodal displacement, and z; and z? indicate the current
position and the initial position of the nodes at the two ends, respectively. For equilibrium,

we require

)
fi= ALoaa—i (3.4)

in which f; is the nodal force, A is the cross sectional area, and ¢ is the second Piola-
Kirchhoff stress. By assembling the equilibrium equation (3.4) for the element, we have the
equilibrium equations for the total system. |

As a constitutive model, we employ a bi-linear kinematic hardening rule shown in Fig.
3.3. Let £, E,, 0, and ¢, indicate the Young’s modulus, the tangent modulus after yielding,

the initial yield stress and plastic strain, respectively Then the constitutive law is expressed

as follows:
o= E(e—e¢p) in the elastic and unloading ranges, (3.5)
c = B+, for the plastic loading in tension, (3.6)
o = Eie -0y for the plastic loading in compression (3.7)
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where g, = (1 — Ey/E)o,. Let o, and o, denote the subsequent yield stresses in tension
and compression, respectively. Then the subsequent yield stresses are expressed in terms of

the plastic strains as

EE

JyL = r‘lE}EP + Uy, (3-8)
EE,

Ty = Fo Etsp — 0y (3.9)

3.2.2 Loading Conditions

The trusses are subjected to initial constant loads APy and subsequent cyclic loads A.P..
Here, A and P denote the load factor and the constant vector, respectively. The subscripts
0 and c indicate the variables refer to the constant loads and the cyclic loads, respectively.
External forces and/or forced displacements are applied as the external loads. In other words,
according to the boundary conditions, one of the nodal force and the nodal displacement
components is given as external loads for every degree of freedom.

The load factor A, is varied between the maximum value )\i = 1/ and the minimum value
Al'= —1) in a cycle, where ¥ denotes the amplitude of A.. Variation of A, is defined by a
monotonically increasing parameter ¢, called equilibrium path parameter. The equilibrium
states at which A\. = Al and A. = AL are called I state and I'! state, respectively. The super-
scripts I and Il indicate that the state variables, such as stresses, strains and displacements,

refer to those for T'! and I'Y, respectively.

3.2.3 Steady-State Responses in Stress-Strain Plane

For later formulation, we classify all the possible types of the steady-state responses. The

calcification is schematically shown in Fig. 3.4. The superscripts ¢ and c¢ indicate the

c Type T TypeP

® &¢.09
@) (et,ct)

S Sl

Type C TypeE

Figure 3.4: Possible classification of cyclic responses.
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Figure 3.5: Relation between I'* and I,

state variables belonging to the equilibrium states at which strain take its maximum and
minimum values in a cycle, respectively. The type E is the elastic shakedown state in elastic
region. The type T is the elastic shakedown state whose maximum stress reaches the strain
hardening line in tension. The type C is the elastic shakedown state whose minimum stress
reaches the strain hardening line in compression. The type P is the plastic shakedown state.
Throughout this chapter, the elements exhibiting the types E, C, T and P are called E
element, C element, T element and P element, respectively.

Let the superscript i indicate the state variables for an arbitrary equilibrium state I'* in
a steady state. And let the superscript 8 indicate the variables for the equilibrium states at
which the last unloading occurs before t = #*. According to the types of the cyclic responses,

we can express the stress o in terms of the strains e#, €t, ° and £° as follows:

type E: o = E(e" — €}), (3.10)
type T: o# = Ei# + Gy, if o =g, (3.11)
of = Eet — (E - E)et +a,, if o #d, (3.12)
type C: o* = Ee# — (E — Ey)e®+ 5y, if oV # 0°, (3.13)
ot = Ei" — 7y, | if o¥ =o°, (3.14)
type P: o# = Eie¥ + 7y, if o = oy, (3.15)
ok = Eiet — gy, if o* =0t (3.16)
gt = Ee* — (E — E)e’ +5,, for ol < o" <ol (3.17)

The relation between I'* and I'¥ is shown in Fig. 3.5. Note that the plastic strain in Eq.
(3.12) is eliminated using the relation eh = 5:,, The plastic strains are eliminated similarly in
Egs. (3.13) and (3.17).
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3.3 PRELIMINARY CONSIDERATIONS

As mentioned in the introduction, the previous method for the elastic shakedown region
may fail to find the steady-state limit when plastic shakedown occurs. In this section, first,
the fundamental concepts and hypotheses of the previous method is summarized. Then
numerical response analysis is performed for simple truss model to clarify the reason of the
failure. In the study, our attention is focused on the validity of the hypothesis on strain
reversals employed in the previous method. Second, more general consideration is made
on strain reversals. Finally, key concepts are shown for finding the steady-state limit that

bounds the plastic shakedown region and the region where cyclic instability occur.

3.3.1 Fundamental Concepts for Steady-State Limit Theory in
Elastic Shakedown Region

The key concepts of the steady-state limit theory are summarized as follows:

1. A steady state is recognized as a point in a special space schematically illustrated in

Fig. 3.6.

2. Under an idealized cyclic loading program with continuously increasing amplitude, vari-

ation of the point is recognized as a continuous path, called steady-state path.

3. The steady-state limit is found as the first limit point of the steady-sate path.

) Stﬁady-Staie Limit

= .

~
~
~

Y
[~ Steady-State Point

. Steady-State Path

ay
Uy a4
U2 | Equilibrium State 22 | Steady-State
u * | Variables a * | Variables
m Urn n a,
Equilibrium State Space Steady-State Space

Figure 3.6: Fundamental concepts of steady-state limit theory.

45



k.

Time

Load Factor 7‘0

' 3
P ::-—-‘
- :——:

=——-;

m—— |

——— e |

e —

Idealized Cyclic
Loading Program

Load Factor A,

Figure 3.7: The idealized cyclic loading program.

Note that, in the idealized cyclic loading program, the loading cycle is repeated as many
times as necessary for the trusses to converge to a steady state at each level of the amplitude
as shown in Fig. 3.7. And variation of its amplitude is defined by a parameter 7. More
rigorous definition of the idealized program is given in the previous chapter.

In the previous method, a steady state and its variation are formulated in terms of the

state variables at load reversals based on the following hypotheses:

Hypothesis 2.1 All the state variables for T* and I'! are continuous and piecewise differ-

entiable functions of 7.
Hypothesis 2.2 For all elements, strain reversals occur only at I'! or I'L,

These hypotheses are the alternative ones for hypotheses 2 and 3 in the paper by Uetani
(7, 14], respectively. Note that hypothesis 2.2is applied not for the transient response but

for the steady-state response after convergence.

3.3.2 Numerical Study on Strain Reversals

To clarify the reason why the previous method fails to find the steady-state limit for the
plastic shakedown region, all loading history of a simple truss is traced by performing a
conventional response analysis. The truss is shown in Fig. 3.8. Its elastic shakedown
boundaries have been obtained in the previous chapter. The cross-sectional areas are A

= 1 cm? and A = 2 cm?®. Material properties are E = 1.961 x 10°GPa, E, = 0.01F,
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o, = 2.942 x 10°MPa. The truss is subjected to the initial constant force Agfp and the
additive forced displacement A.U.. Throughout all cycles, the amplitude 1 of the load factor
A is kept a constant value #. The constants for the external loads are determined so that
the loading condition lies in the plastic shakedown region: 1 = 0.13, Fy = 9.807 x 10°N,
U. = lcm and Mg/ X, = 0.375, where A\, = 0.7477 is the load factor at buckling in the sense

of Hill [16] when only the initial loads are applied.

Cyclic Forced Disp. AcUg

Initial Force AgFg

Hy=10cm
| —

Figure 3.8: The two-bar truss.
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(b) Stress-Strain Relations

Figure 3.9: Strain-displacement relations and stress-strain relations.
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Figure 3.9 (a) illustrate the strain-displacement relations. And Fig. 3.9 (b) depicts the
stress-strain relations. From these figures, it is observed that strain reversals in the element
2 occur at the yielding points of the element 1 even after convergence. Namely, hypothesis
2.2 is disproved. This is considered to be the reason of the failure of the previous method to

find the steady-state limit for the plastic shakedown region.

3.3.3 General Consideration on Strain Reversals

More general consideration is made on strain reversals. Let prime indicate differentiation
with respect to the equilibrium path parameter £, and let C denote the tangent stiffness
defined by C = ¢'/¢’. Then all the possible reasons of strain reversals for the trusses consid-
ered in this paper are: (1) discontinuous change of X, e.g. load reversals, (2) discontinunous
change of C in other elements, for instance yielding and unloading, and (3) geometrical
nonlinearity.

The cases (1) and (2) have been demonstrated in the last subsection. It is true the case
(3) can occur, but the case (3) does not seem to occur frequently. Hence, in this chapter,

our discussion is limited to the cases (1) and (2), and the case (3) is excluded.

3.3.4 Fundamental Concepts for Steady-State Limit Theory in
Plastic Shakedown Region

The key concept of the steady-state limit theory for plastic shakedown region is to relax
hypothesis 2.2 so that the strain reversals due to yielding is taken into account. For this

purpose, hypotheses 2.1 and 2.2 are relaxed as follows:

Hypothesis 3.1 All the state variables for the equilibrium states at which load reversal or

yielding occurs are continuous and piecewise differentiable functions of 7

U Ui
1 )
(a) Previous Method (b} Present Method

Figure 3.10: Key difference between the previous and the present methods.
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Hypothesis 3.2 For all elements, strain reversals occur only at load reversals or at yielding

of the elements exhibiting the plastic shakedown.

Similar to hypothesis 2.2, hypothesis 3.2 is applied not for the transient response but for the
steady-states response after convergence.

Based on these relaxed hypothesis, a steady state is represented by the yielding points
of the elements exhibiting the plastic shakedown in addition to the load-reversal points as
shown in Fig. 3.10. That is, a steady state is described by the equilibrium states at which
strain reversals occur. For brevity, these equilibrium states for expressing a steady state are
called representative equilibrium states or RES in this chapter.

To sum up, the way of description of a steady state is the key difference between the
previous and the present methods. Once a steady state is represented by the RES, similar
to the previous method, the steady-state path is traced incrementally, and the steady-state

limit is found as the first limit point of the steady-state path.

3.4 FORMULATION

3.4.1 Incremental Relations for Variation of Steady State

Consider a steady state at 7 = 7, represented by J RES I'* {1 = 1,2,---,J). Here, I'!
and T'? are defined so that they correspond to I'! and I'Y, respectively. When all the state
variables for the RES are known in the current steady state at 7 = 73, our problem is to find
those in the neighboring steady state at 7 = 7.1 = T + AT.

Let dot indicate the differentiation with respect to 7. Then, owing to hypothesis 3.1, the
state variables at the neighboring steady state is expressed using Taylor-series expansion

with respect to 7.

Ut(rner) = UH(m) + U () Ar + %t’J"(Th)mﬂ b (3.18)
F#*(1h41) = F¥(m) + F#(‘rh)AT + %F“(Th)z}.fr2 4+, (3.19)
B (rap) = B (ma) + B (m) A7 + %E“(rh)mﬁ . (3.20)
Bi(ri) = BA(m) + BL(m)AT + SBE(m)AT 4 oo, (3.21)
SH(ras1) = SH(ra) + §"(m) AT + %gy(q‘h)A'rQ +e. (3.22)
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where F and U are the nodal force vector and the nodal displacements vector, respectively,
with 3N components, and E, E, and S denote the strain vector, the plastic strain vector,
and the stress vector, respectively, with M components.

To determine the state variables at the neighboring steady state, we should calculate
the step length A7 and the derivatives of the state variables with respect to 7. In the
following subsections, the formulation for obtaining these variables are shown. For clarity and
simplicity of presentation, we show the formulation in which only the first-order derivatives
with respect to 7 are used. But, for more accurate approximation, the formulation taking

higher-order terms into account is presented in Appendix A.

3.4.2 Rate Forms of Governing Equations

To derive the rate forms of the governing equations, all the governing equations for I'* are
differentiated with respect to 7. Similar to the last chapter, the rate forms of the governing

equations are simply called rate equations. Differentiating Eqs. (3.1)-(3.4), we have

. 9 et
et = 5 ué‘ui#’ (3.23)
. L, 0! 9% et |
! = AL (O’"‘a 7 + O’umu?) . (3.24)
i i ¥

Suppose that for all the elements the superscripts corresponding to ¢ and ¢ are known. And

assume that for all the elements all of the relations between p and corresponding 3 are

Table 3.1: Stress rate-strain rate relations for the elements exhibiting elastic shakedown.

B T C
>0 & <0 <0 >0
ot =ct gt #ot ot =¢g¢ ot F#0o°
CH# E E, E E E, E E
cH 0 0 E,—-FE 0 0 0 0
CHe 0 0 0 0 0 EL - F 0
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Table 3.2: Stress rate-strain rate relations for the elements exhibiting plastic shakedown.

cre E, E, E

CHP 0 0 E —F

known. Differentiating Eqgs. (3.10)-(3.13), we have the stress rate-strain rate relations for

the E, T and C elements. The rate relations are expressed as
Gt = CHEgH 4 CHigt 4 OFo° (3.25)

where C##, C¥ and C*¢ are the coefficients that are chosen according to Table 3.1. For the

P elements, differentiation of Egs. (3.15)-(3.17) leads to
G = CHeek 4 CHPeP (3.26)

in which C** and C*? are the coefficients that are selected according to Table 3.2, After

replacing the superscripts £, ¢ and f with those indicating the corresponding RES, we can
express the rate forms of stress-strain relations
J

ot = S CHe” (3.27)
v=1

where C* is the coefficient of the strain rates. Substituting Eqs. (3.23) and (3.27) into Eq.

(3.24), we have the rate equations for element

. J
=Yk, ' (3.28)
v=1
B = ALy S o 20 L s O
L O uf & uy 0%y A u¥ duf

where §,,, is the Kronecker’s delta and k“” is the coefficient relating f* and %. By assemblin
1 ) g T 7 y g

Eq. (3.28), the following rate equations are derived for the total system

J
F' = S K*U" , (3.29)

v=1

- . - t u
where K" is coefficient matrix of U .
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Figure 3.11: ['* as an yielding point.

Now we have J x 3N equations that relates the rate vectors of the nodal forces and the
nodal displacements. On the other hand, there are J unknowns of M in addition to J x 3N
unknown components of the rate vectors of the nodal forces and/or nodal displacements.
Namely, we have Jx{3N+1) unknowns. Consequently, additional J equations are apparently
needed to solve the rate equations.

Assume that for all the RES I'* { > 3) the element whose yielding characterize I'# are

known. For the equilibrium states at load reversals, we have
M= A=1, (3.30)
M=M= g (3.31)
which characterize the load reversals I'! and 'L, In contrast, the equilibrium states T* (i > 3)
are characterized as the yielding point of the element exhibiting the plastic shakedown.
Consider the case I'* is characterized as the equilibrium state at which compressive yielding

occurs as shown in Fig. 3.11. At the yielding point of the element whose yielding defines
I'#, both Eqs. (3.15) and (3.17) are satisfied. Hence we have

E(e* — €?) + 20, = 0. (3.32)
Differentiation of Eq. (3.32} yields the rate relatibn
gt —f = 0. (3.33)
The condition (3.33) is expressed in terms of the nodal displacements for the element as
et , 8P 4

3 ufui =3 uﬁui =0. (3.34)
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The condition Eq. (3.34) can be rewritten in terms of the nodal displacement for the total

system as
L*U* + L0 = 0 (3.35)

where L is the coefficient matrix of U, and 0 is zero vector. The conditions that characterize
the yielding in tension is derived similarly and is expressed in the same form of Eq. (3.35).
After replacing the superscript 3 to that for the corresponding RES, we have J —2 equations
in addition to Eqgs. (3.30) and (3.31). Thus we have the same number of the equations as
that of the unknowns. These equations are to be solved by specifying the value of ¢ and by

using the boundary conditions.

3.4.3 Consistent Set of Stress Rate-Strain Rate Relations

If an element exhibits type T or type C behavior, the coefficients of the strain rates should
be chosen according to the signs of the strain rates as shown in Table 3.1. Therefore, for all
the elements exhibiting the type T or the type C behavior, we should choose a set of the
coefficients that are consistent with the signs of the resulting strain rates.

To find the consistent set of the coefficients, we employ a trial and error approach, which
is also used in the conventional response analysis [17]. In the trial and error approach, first,
the signs of the strain rates E" are assumed to be equal to those in the last step. Then,
the coeficients C**, C* and C* are determined according to the assumptions, and the
rate equations are constructed. After the rate equations are solved and E” are calculated,
the consistency is checked between the assumed signs of the strain rates and the resulting
ones for all the elements exhibiting the type T or the type C behavior. If the signs are not
consistent, the assumed signs are reversed. This procedure is continued until all the resulting

signs of the strain rates are consistent with the assumed ones.

3.4.4 Termination Conditions for Incremental Steps

Different stress rate-strain rate relations should be employed in Eq. (3.27) for the steady
states at 7 > 7,4; when the types of stress-strain cyclic responses, the order of the RES
or the number of the RES may change at 7 = 7,4;. In such cases, an incremental step
is terminated at 7 = 7,4;. The conditions for terminating the incremental steps are given
by the following equations. The step length A7 is determined as the smallest value among
ATrmaz, specified for preventing excessive accumulation of truncation errors, and the values

obtained from these conditions.
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First, consider the transition of the types of the cyclic responses. For E elements, A7 is

calculated using the following conditions:

o' (Tha1) — oly(m) = 0, (3.36)
o (Th1) — oge(m) = 0, (3.37)

where the subsequent yield stresses are expressed in terms of £,(7,) using Egs. (3.8) and
(3.9), and o(7hy1) is expressed as o(7,) + ¢(7,) AT in the linear approximation. Equations
(3.36) and (3.37) are the conditions for E — T and E — C, respectively. For every E, T and

C element, the condition for the transition to the type P is written as
0‘(7’;14_1) — O'C(Tf,+1) - 20‘y = 0. (338)

An example of the transition is shown in Fig. 3.12 (a).
Next, let us discuss the change of the order or the number of the RES. Let the superscripts
o and « + 1 indicate the stresses at two consecutive instants in a cycle. Then the condition

for the change of the order of the RES is written by

o*(thy1) — o (rpa) = 0. (3.39)

The condition for increasing the number of the RES are given by

o*(Thy1) — agt(Thﬂ) =0, if ¢®= 055 at T = Ty, (3.40)
u B — : 8 _ B —
o*(Thy1) ch(1h+1) =0, if 0" =0y atT=m" (3.41)

Note that, obviously, the number of the RES should be increased when the transition E, T

or C — P occurs.

3.4.5 Examination of Strain Reversals

In constructing the rate equations and in determining the incremental steps, the following
things are assumed to be known: (1) the element whose yielding characterize I'* (1 > 3); (2)
the equilibrium states corresponding to I'* and I'® for all the elements; and (3) the relations
between p and corresponding (3 for all the P elements. These relations may change if the
order or the number of the RES changes. In the previous section, the conditions (3.38)-(3.41)
have been given for terminating incremental steps at these instants. If the incremental steps
are terminated using at least one of these conditions, it must be examined whether the

relations (1)-(3) change or not. For this purpose, we examine strain reversals.
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When at least one of the conditions (3.38)-(3.41) are satisfied, an equilibrium state in
the steady state may be characterized by more than one condition. For instance, the case
where the number of the RES may increase is illustrated in Fig. 3.12. The equilibrium
state indicated by the black square at 7 = 75, in Fig. 3.12 (a) is characterized as both load
reversal point and yielding point. For simplicity, we consider here only the case in which
an equilibrium state is characterized by only two conditions. When an equilibrium state is
characterized by more than two conditions, the combination of the order should be assumed
and the consistency between the assumed and resulting order should be examined in the

process of obtaining the incremental relations with respect to 7.

T=’Ch_1 > =1 » T=Th+1

(a) The Element Exhibitting Transition C +P

B | oad Reversal
O Yielding

T=Tha * T=T *  T=Thy

(b) Another Element

Figure 3.12: Examination of strain reversals.
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Let T'* be characterized by two conditions at 7 = 7. First, to examine the strain reversals,
the order of the equilibrium states are determined in the steady state for 7 > 75. If the
number of the RES may increase, the new yielding is considered to occur preceding I'*. An
example is shown in Fig. 3.12, where the black square indicate the load reversal point I'*
and the white square indicate the new yielding point. On the other hand, if the order of the
RES in a steady state is changed, the order in the steady state for 7 < 7, is reversed.

Second, it is checked whether or not strain reversals occur at the two equilibrium states
in the steady state for 7 > 7,. For this purpose, the partial derivatives with respect to ¢ is
used. Let #f and ¢4 (#{ < t5) denote respectively the instants for the equilibrium states in a
steady sate at 7 > 7, as shown in Fig. 3.12. A strain reversal is judged to occur at t = ¢ if
the following condition

+
<0 (3.42)

M
t=t]

is satisfied. Otherwise, no stain reversal is judged to take place. The condition for ¢t = ¢} is
written in the same form as Eq. (3.42). These conditions are checked for every the element.
The procedures for calculating the partial derivatives are shown in Appendix B.

Finally, if the strain reversals are judged to occur in at least one element at the time
where no strain reversal occurs in the steady state for 7 < 73, the yielding point is added to
the RES. And according to the result of the examination of the strain reversals, the relations

(1)-(3) are changed if changes are needed.

3.4.6 Steady-State Limit Condition

Now, all the first-order derivatives and the step length A7 have been obtained. Substituting
AT and the first-order derivatives into Eq. (3.18) we have all the state variables at 7 = 7,41-
Repeating these procedures, the steady-state path is traced incrementally.

As mentioned before, the steady-state limit is characterized as the first limit point of the

steady-state path. The steady-state limit condition is therefore given as
%<0 (3.43)

Note that, to find the limit point and to trace the steady-state path after the limit point, a

procedure should be employed similar to displacement control schemes [17, 18].
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3.5 NUMERICAL EXAMPLES

The proposed method has been developed on the basis of hypotheses 3.1 and 3.2. And the
steady-state limit is predicted regardless of the transient process between the two consecutive
steady states. Hence validity of the two hypotheses and the steady-state limit should be
examined. In addition, the steady-state limit is defined for the structures under an idealized
cyclic loading program. Therefore the effect of the differences of the loading histories should
be examined.

For these reasons and to demonstrate the present method, the steady-state limit analysis
and the conventional response analysis, in which the entire history is traced, are performed.
The analyses are applied for the two-bar arch truss and the ten-bar cantilever truss, whose

elastic shakedown boundaries have been obtained in the previous chapter.

3.5.1 Steady-state limit Analysis

Numerical data for the two-bar truss has been shown in subsection 3.3.2. Initial shape,
boundary conditions and loading conditions of the ten-bar truss are shown in Fig. 3.8.
The cross-sectional areas of the ten-bar truss are as follows: Aqy = Ay = Ay = 11 cm?,
Apy = Ay = 1.1 cm?, Ag) = Ay = Aqoy = 10 cm?, and Ay = Agy = 1 cm®. Material
properties of the ten-bar truss is same as those for the two-bar truss. Throughout the
steady-state limit analysis, the higher-order terms are employed up to the second order (see
Appendix A). And the maximum allowable step lengths A7, are set to be AT, = 0.05
and AT = 0.2 for the two-bar and the ten-bar trusses, respectively. For the ten-bar truss,

the load factor at the buckling is A, = 40.38 when only the initial loads are applied.

Ho, = 800cm
400cm T 400cm

o F
1 (1) 2 (6) .3 MFo

400cm

Figure 3.13: The ten-bar truss.
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Figure 3.15: The steady-state limit curve for the ten-bar truss.

Figures 3.14 and 3.15 illustrate the load combinations at the steady-state limit predict-
ed for each value of normalized load factor Ag/A;. The value of Ag/As is parametrically
changed between 0 and 1 with increments of 0.005 and 0.01 for two-bar and ten-bar trusses,
respectively. From these figures, several points can be observed at which the slope is dis-
continuously changed. The reason is considered to be that distribution of the types of the

stress-strain cyclic responses changes at the points.
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3.5.2 Response Analysis

All the loading histories are traced under the two typical and realistic cyclic loading programs
STIDAC and STIDAD shown in Fig. 3.16. The STIDAC is the loading program that in which
the amplitude ¥ of the forced displacement is increased every half cycle with an increment
A1) from zero to a specified value ¥mqz, and then 3 is kept constant in the following cycles.
In the STIDAD program, the amplitude v of the load factor A, is kept a constant value
throughout all cycles. The solution method for the conventional response analysis and the
criteria for convergence are exactly identical to those shown in Appendix B in the previous
chapter. The constants for the loading conditions are ¥mez = (12£0.001)94y, A = 0.0011),y
and ¥ = (1 £ 0.001)%eq.

& <
S 2 Time
3 @
(I W .
Ee ° A
g g
S 3
(a) STIDAC Program (b) STIDAD Program

Figure 3.16: STIDAC program and STIDAD program.
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Figure 3.17: Steady-state curve and the results of the parametric analysis.
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Under the STIDAC program, good agreement is observed between the the steady-state
limit predicted by the proposed method and the results of the response analysis. Convergence
is observed if 'lﬁmax < 1,4, and divergence is obtained if ¥mer > Use. From this result, it
may be stated that the proposed method is directly verified. On the other hand, inconsistent
results are seen for the ten-bar truss under STIDAD program. Convergence is observed
regardless of ¢ > .

To clarify when this inconsistency occurs, a complete parametric analysis is carried out.
In the parametric analysis, not only Aq but also 7 are changed. The load factor Ay of
the constant load is changed in the same manner as the steady-state limit analysis. The
constant amplitude of the cyclic forced displacement is changed from /H,(x~%) = 0 to 25
with an increment of 0.25. Namely, the response analysis is performed for 10,000 different
load combinations of (Ag, ).

The results of the complete parametric analyses is illustrated in Fig. 3.17. When conver-
gence is observed, the load combinations are plotted by the circular symbols. The darker
and lighter grey circles indicate the convergence to the plastic shakedown and the elastic
shakedown, respectively. From Fig. 3.17, we may state that the values of the steady-state
limit predicted under the idealized cyclic loading program may be smaller than the limiting
values that bound convergence and divergence predicted under the STIDAD program.

3.6 CONCLUSIONS

For elastoplastic trusses subjected to the cyclic loads in the presence of the constant loads,
a new method has been presented for finding the critical load combinations that bounds
convergence to plastic shakedown and divergence of plastic deformations.

The conclusions of this research are:

1. The reason has been clarified why the method presented in the previous chapter fails to
find the steady-state limit when plastic shakedown occurs. When an element exhibits
the plastic shakedown, strain reversals of the other elements may take place not only
at load reversals but also at yielding of the elements exhibiting the plastic shakedown.
Nevertheless it was assumed that the strain reversals occur only at the load reversals in

the previous method.

2. The hypothesis on the strain reversals has been relaxed so that the strain reversals
due to yielding is taken into account. Based on the relaxed assumption, incremental
relations have been formulated for tracing the variation of the steady state with respect

to the parameter that defined the amplitude of the cyclic loads.
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3. From the results in the numerical examples, the following results have been obtained: (1)
Good agreements are obtained between the results of the steady-state limit analysis and
the response analysis if the loading programs employed in the both analyses are close
enough; (2) The limiting values below which elastic shakedown or plastic shakedown
occurs depend on the loading history; and (3) The values of the steady-state limit,
defined for an idealized cyclic loading program, are smaller than the limiting values that

bounds convergence and divergence under the two typical and realistic cyclic loading

programs.

The last statement 3. (3) is not a quantitative conclusion. Further investigations is therefore

required on this subject.

61



Appendix A. Formulation with Higher-Order Deriva-
tives

A formulation with higher-order derivatives is presented for the steady-state limit analysis.
We derive here the derivatives up to only the second order. But more higher-order derivatives
can be obtained similarly.

Differentiation of the rate equations (3.23)-(3.34) with respect to the steady-state path

parameter 7 yields the second-order perturbation equations as follows:

= 6‘9;; i+ uc‘J: zyuj" it (3.44)
for the compatibility conditions,
f = ALy {&”g f; +ot uaj gpujpagf 2t uaj ;Fuj#u;‘} (3.45)
for the equilibrium conditions, and
J
gt =S Cme (3.46)
v=1

for the stress-strain relations. Note that C#¥ = 0 because the piecewise-linear constitutive
relation is assumed. Differentiating Eq. (3.28), we have the second-order perturbation

equations for each element
J
ﬂ- _ WIES "'u,

where the coefficients &f;” is identical to that in Eq. (3.29) and hat indicates the variables

expressed in terms of the first-order derivatives as follows

N O et der o ¢v
F = QAL ————— g + ALyg—— WY g0 48
. T o ur o uj#uj T AL ub ,;C 0 u;? Buk”u’uk (3.48)

Assembling the perturbation equations for the elements leads to the second-order perturba-

tion equations for the total system

F = kO 4+ (3.49)

where the coefficient matrices are same as those in the rate equation (3.29). Differentiation

of Egs. (3.30), (3.31) and (3.34) leads to

.

AL -9 =0, (3.50)
X2 4 qp = 0, (3.51)
g et g ef
) Z“ﬁf 9 Eﬁﬁf + =0 (3.52)
i U;
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where

52 e#
~ ﬁ _ TR . -
WHP = Wul ’U.j — mﬂz ’le (353)

Equation (3.53) can be expressed in terms of nodal displacements for the total system as
T A
LU +L°U +U =0. (3.54)

By specifying the value of 1), we have J x (3N + 1) simultaneous linear equations (3.49) and
(3.54).

When the derivatives are employed up to the second order, the termination conditions
Eqgs. (3.36)-(3.38) of the incremental step become quadratic equations of the step length A7,
while the conditions are linear equations when only the first derivatives are used. Besides

these termination conditions, we must consider the conditions

e (The1) = EY(mh) + & (m)AT =0, (3.55)
EThe1) = E5(Th) + E(m)AT =0 (3.56)

for the transitions T — E and C — E, respectively.

Appendix B. Formulation for Examination of Strain
Reversals

A formulation is shown here for examining the strain reversals. Differentiating the kine-

matic relations (3.1)-(3.3) with respect to ¢, we obtain the following equations

i
= I (3.57)

e

1

where the prime indicates partial differentiation with respect to {. Differentiation of equilib-

rium condition (3.4) yields

O et O% en .
4 = AL, (awa v ugu;‘) . (3.58)
i i b

These equations (3.57) and (3.58) are used for both ¢ = t¥ and ¢ = t}.
On the other hand, the constitutive relations may be different for the two instants. Con-
sider first the case where ¢ = t. Define C;" and C| by

+ de

) A (3.59)

o
ci" =

t=t¥

63



Then these coefficients C{+ and C4~ are determined according to the type of the stress-strain

cyclic response. For the E, T and C elements, these coefficients are given by
Ci-=Cit=E (3.60)

because these elements exhibit elastic shakedown responses in the neighboring steady state
for 7 > 7,. Recall that only the steady-state responses after convergence is considered in
the steady-state limit theory. For P elements, the coefficients are selected according to the
location of state point in the stress-strain plane. For the element whose yielding occurs at

t = ¢/, the coefficients are given by
CY~=E, C{f=E. (3.61)
For the element whose yielding occurs at £ = ¢}, the coefficients are determined by
CY~ =C4t = E. (3.62)
For the other elements, the coefficients are given by
C{™ = C{" =FE, ifo*=oql oro* =0k (3.63)
Ci” =Ctt=E, ifoh <o*<oal, (3.64)
Note that consistency between the assumed and resulting sign of ¢’ must be checked when
the tangent stiffness E; is used.

Substitution of the coefficients C4#~ and C4™ into Eq. (3.58) and assemblage of the tangent

stiffness equations for elements lead to that for total system
FA =KEU, PR = KETUEY (3.65)

By using the boundary conditions and by specifying A*~" and M+, we can solve Eq. (3.65).
With strain-displacement relations, we have E¢~ and E¢*.

Let us turn to the case where ¢ = t5. Here, we have
Ef =Ef" (3.66)

Our problem is then to calculate E‘Q‘J". The only difference between the case for obtaining
Ei"” and E§+' is the way to choose tangent stiffnesses. For the element whose yielding

occurs at ¢t = th, the coefficients are determined by

For the other elements, the coefficients C4" are determined so that those are identical to
C¥t after the consistent set of tangent stiffness is obtained. Note that, if unloading at ¢ = t}
and strain reversal t = ¢ occur in an element, the element will yield at the time ¢ > t. The

strain reversals at the yielding time should be checked in a similar manner as that at ¢t = t}.
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Nomenclature

The following symbols are used in this chapter:

A initial cross sectional area;

C  coefficient of ¢/;
Cre OBt CHe CHP coeflicients of €#, é¢, £° and &7
CH  coefficients of £%;

E  Young’s modulus;

E; tangent modulus after yielding;

E  strain vector for total system;

E, plastic strain vector for total system;
F  nodal force vector for total system;
fi  nodal force;

J  Number of RES;
H  Height of truss;
K  tangent stiffness matrix;
K"  coefficient matrices of U";
ki;  coefficient of u};
kY coefficients of %Y;
L current length;
Ly  initial length;
M number of elements;
N number of nodes;
].30 constant vector for constant loads;
P, constant vector for cyclic load;

S  stress vector for total system;

t  equilibrium path parameter;

U  nodal displacement vector for total system;
u; Dnodal displacement;

V' initial volume;

z;  current position of nodes;
z}  initial position of nodes;

€  Green-Lagrangian strain;
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€p  Dlastic strain;
Ao load factor for constant load;
Ay load factor at initial buckling load;
Ae load factor for cyclic loads;
o second Piola-Kirchhoff stress;
oy, initial tensile yield stress;
oy Gy =(1— E/E)oy;
oy Subsequent yield stress in compression;
oy subsequent yield stress in tension;
7  steady-state path parameter;
Tn T at h step;
A7 increment of steady-state path parameter;
AT .z  maximum allowable value of A7;
A specified increment of amplitude for STIDAC program;
¥ amplitude of A,
West  amplitude at steady-state limit;
1  comstant amplitude for STIDAD program; and

VYmer  maximum amplitude for STIDAC program.
Superscripts

t  wvariables for the equilibrium states at strain reversals in tension;

¢ variables for the equilibrium states at strain reversals in compression;
I variables for the equilibrium states at A, =

I  variables for the equilibrium states at A, = —1;

3 variables at which the last strain reversal occurs before ¢ = t¥;

(¢ variables at I'#; and

v  variables at I'V..
Signs

( ) derivatives with respect to 7;
(") second order derivatives with respect to 7;
(A) quantities expressed with first-order derivatives with respect to 7; and

( ) derivatives with respect to ¢.
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Chapter 4

Stability of Steady States and
Steady-State Limit

4.1 INTRODUCTION

The concept of stability is generally defined for dynamical systems (see for instance (1, 2]).
When a dynamical system depends on parameters, the object of stability analysis is to study
the change of its solution or response due to the change of the parameters.

According to the type of the perturbation, the stability has been defined in various ways.
Among them, the definition due to Liapunov [1] has been used in many fields. According
to this definition, roughly speaking, a solution is said to be stable if a small change in the
initial conditions leads to a small change in the solution. Though the perturbation is given
to initial conditions in the Liapunov stability, it may be given to other parameters.

Based on the definition of stability given by Liapunov, various criteria have been pro-
posed for the stability of an equilibrium state in the field of structural engineering (2, 3).
The criteria is generally given in terms of the eigenvalues for ordinary differential equation-
s. If structural systems are conservative, which constitute the majority of applications in
structural engineering, the stability of equilibrium states can be determined based on energy
approach. In this case, the loss of the stability occurs at the branching or limit point of
an equilibrium path, which represents the variation of the equilibrium state with respect
to the variation of external loads. For elastic structures, the stability criteria were derived
using a potential energy [4, 5, 6]. For elastoplastic structures, where potential energy can
not be defined, Hill {7} derived a stability criterion by introducing the concept of comparison
solid, where any yielding element is assumed to behave with their tangent stiffness for plastic
loading even if its strain changes in an unloading direction.

On the stability of cycles or closed orbits of nonlinear dynamical systems, on the other

hand, a lot of research have also been made (see for instance (8, 9, 10]). In the research, it was
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pointed out that there exist the relation between the stability of a cycle and the branching of
a path that represent the variation of a cycle with respect to the variation of the parameter
in the dynamical systems. And stability criteria were given for these nonlinear systems based
on the idea of Poincare Maps, which relate the quantities at the discrete instants. These
criteria is directly applicable to elastic structures. But, to the best of author’s knowledge,
no such criterion has been derived or formulated for elastoplastic structures.

So far, the stability of the solutions for dynamical systems has been reviewed. Let us
turn on the stability of a cycle in quasi-static problem, where inertia force and damping
force are neglected. For elastic structures, no instability occurs if the all the equilibrium
states in a cycle are stable. In elastoplastic structures however the deviation from the cycle
due to the small change of parameters may become large because of the accumulation of
plastic strains even if no unstable equilibrium state exits in the cycle. This phenomena,
known as incremental collapse or ratchetting [11, 12], is apparently considered to be one
type of the instability, and it is called cyclic instability in this paper. But, in addition to the
elastoplastic structures under dynamic loads, no stability analysis has been done for those
under quasi-static loads.

For elastoplastic beam-columns under cyclic bending with continuously increasing am-
plitude, Uetani {13, 14, 15} proposed symmetry limit theory and steady-state limit theory
for finding the critical loading condition above which cyclic instability occur. In these two
theories, a steady-state path, which represents variation of a steady cycle with respect to
the variation of the amplitude, is traced, and the critical loading condition is found as the
branching and limit points of the steady-state path. In the preceding chapters, a method and
its extension have been presented for finding the critical loading condition of elastoplastic
trusses based on this concept. But these methods yield only steady states, which may be
stable or unstable. It is therefore desirable to introduce the concept of stability of steady
state and to find the steady-state limit as the critical steady-state at which the stability is
lost.

The purpose of this chapter is to present a theory for finding the steady-state limit as
the critical steady state at which loss of the stability of a steady state occurs. In this
theory, for tracing the steady-state path, an alternative method is also presented in which
the hypothesis on strain reversals employed in the method presented in previous chapters
are completely excluded. This method is constructed based on the method for tracing the
steady-state path of three dimensional continua [16]. In this method, first, a steady state is

expressed by discretizing its equilibrium path with respect to an equilibrium path parameter.
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Second, deviation from the steady state due to the change of the amplitude of cyclic loading
is expressed using the recurrence equation that relates the two consecutive periodic instants.
The recurrence equation is formulated in terms of the plastic strain increments with respect
to the change of the amplitude of cyclic loads. Then the stability of the steady state is
defined and the stability criterion is given in terms of the eigenvalue the coefficient matrix
in the recurrence equation. The steady-state path is traced using the recurrence equation,
and the steady-state limit is found as the critical steady state at which loss of the stability
of a steady state occurs. Finally, validity of the proposed method is demonstrated through

numerical examples.

4.2 GOVERNING EQUATIONS

4.2.1 Analytical Models

Consider pin-jointed space trusses with M elements and N nodes. Buckling of elements is
ruled out but that of a global type is taken into account using the Total Lagrangian formu-
lation. Under the assumption of large displacement-small strain, compatibility conditions

for an element illustrated in Fig. 4.1 are given by

Lr—13
£ = '2_L(2)", (41)
L = (24— 21)% + (@5 — ) + (26 — T3)?, (4.2)
T = o)+ ug 1=1,---,6 (4.3)

where ¢ is the Green-Lagrangian strain, L and Lg are the current length and the initial length

of the clement, respectively, u; is the nodal displacement, and z; and z? indicate the current

(x4, X5, Xg )
Current Configuration

EA, L

(X1, X0, X3 ) ’r' (ug, us, ug)
,"(U«l, Us, U3) A
X3 Xo / 0.0.0
; (4. X8, %6)
EA, Lo
(>& ' x%, xg) Initial Configuration
X4

Figure 4.1: A truss element
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Figure 4.2: A bi-linear kinematic hardening rule.

position and the initial position of the nodes at the two ends, respectively. For equilibrium,

(4.4)

we require
de

;= AL
f OJBU

i
in which f; is the nodal force, A is the cross sectional area, and o is the second Piola-Kirchhoff

stress. By assembling the equilibrium equations for elements, we have the equilibrium equa-

tions for the total system.
As a constitutive model, we employ a bi-linear kinematic hardening rule shown in Fig.
4.2. Let E, E,, 0, and ¢, indicate the Young’s modulus, the tangent modulus after yielding,

the initial yield stress in tension and plastic strain, respectively Then the constitutive law is

(4.5)

expressed as follows:
g = E(e —¢&,),
g =Ee+7, for the plastic loading in tension, (4.6)
for the plaétic loading in compression (4.7)

= Et&‘—&y

where &, = (1 — E;/E)o,. Let o, and oy denote the subsequent yield stresses in tension

and compression, respectively. Then the subsequent yield stresses are expressed in terms of

the plastic strains as
EFE
(TyL —_ ‘ET.tE}'Ep + O'y, (48)
EE,
Oye = L Etsp — Oy- (4.9)
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4.2.2 Loading Conditions

The trusses are subjected to initial constant loads A¢Pp and subsequent cyclic loads A P..
Here, A and P denote the load factor and the constant vector, respectively. The subscripts
0 and c indicate the variables corresponding to the constant loads and the cyclic loads,
respectively. External forces and/or forced displacements are applied as the external loads.
In other words, according to the boundary conditions, either the nodal force or the nodal
displacement components is specified for each degree of freedom.

The load factor A is varied between the maximum value A, = ¥ and the minimum value
Ac = —% in a cycle, where 7 denotes the amplitude of A.. The load factor A, is the function
of an equilibrium path parameter t. The amplitude % is the function of a steady-state path
parameter 7. Though the loading condition used here is very simple, the present theory can

be extended easily to more complicate loading conditions.

4.3 STEADY STATES
4.3.1 Outline of Formulation

Consider a steady state under the loading condition defined by 7 = 7,, where 7, is an
arbitrary value of 7. To formulate this steady state, the equilibrium path in a period IT <
t < (I +1)T is discretized with respect to £. Here, T'(7;,) is the period of the external loads,
and I is the number of cycles. Define ¢° and ¢” by t° = IT and t” = (I + 1)T, respectively.
Let # (p = 0,1,---,7 — 1,7) indicate an arbitrary instant between t° and ¢7, and let the

superscript u indicate the variables at ¢ = t#.

wW=uvp-------- Y s

1
1
1
|
4
|
b
|
E
3
[l
1
1
1
1
1

IT=t?° th e 1+ )T =t"

Figure 4.3: A steady state.
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Suppose that, in the current steady state at 7 = 73, all the equilibrium states are stable
in the sense of Hill [7]. Then, when all the state variables are known at { = t#, the state

variables at the neighboring instant ¢ = t**! are expressed using Taylor-series expansions as

U@ = U@ + U () — ) + %U”(t") (R L (410)
F(t*) = F(t*) + F/(t*) (@ —t9) + %F”(t") (! — iy (4.11)
E(t*th) = E(t4) + B (¢t — t4) + éE"(t’“) (T — ) (4.12)
(1) = () + S/ (B — 1) + %S"(t") (9 ) (4.13)
E,(t) = E,(t*) + B, (")t — t#) + %E;,’(t“) =), (414)

where the prime indicates the partial differentiation with respect to ¢, U and ¥ denote
respectively the nodal displacement vector and the nodal force vector, E, S and E, are the
strain vector, the stress vector and the plastic strain vector, respectively. Both U and F

have 3N components, and all E, S, E; have M components.

Repeating the Taylor-series expansion, we can write the state variables at t =¢7 (y > 1)

as

T—1

U” = U+ S U#/ (et — ), (4.15)
p#=0
v-1

F7 = FO+ Y FY(HH — ), (4.16)
u=0
7—1

E" = E'+ ) EM(@EHt —#), (4.17)
=0
=1

ST = 84 S sH(t — ), (4.18)
p=0
v—1

E] = El+ ZUE;’(t#“ — ), (4.19)
p:

where the terms higher than the first order are truncated. As seen in Eqgs. (4.15)-(4.19), the
state variables at ¢ = ¢7 are expressed in terms of the state variables at ¢ = t°, the instants
t* (0 < p < 7), and the derivatives with respect to ¢t at ¢t = ¢* (0 < p <y —1). It should
be noted that, by discretizing the equilibrium path, we can regard these quantities as the

tunctions of only one parameter 7.



4.3.2 Tangent Stiffness Equations

In this subsection, the equations are shown for obtaining the partial derivatives with re-
spect to £. For simplicity, we derive only the first-order derivatives. But more higher-order
derivatives can be obtained with the equations derived by differentiating the tangent stiffness
equations [17]. Suppose that all the state variables are known at ¢ = ¢t#. Differentiating the
strain-displacement relations {4.1)-(4.3) with respect to ¢, we have the following equations

fort =1t

i
e = 2w (4.20)

= 7
Summation convention is used for the subscripts 7, 7 and & which are varied from 1 to 6

throughout this chapter. Differentiation of the equilibrium condition (4.4) yields

9 et 9t et

= Al (ama F T ) ' 2

Differentiating Eqs. (4.5)-(4.7), we have

ot = pCHeH (4.22)
in which rC* is determined by
7C* = E in the elastic range, (4.23)
rC* = Fy, >0 for the loading response in tension, (4.24)
tC* = E, £ <0 for the unloading response in tension, (4.25)
rC* = E,, ¢ <0 for the loading response in compression, (4.26)
Ct=F, >0 for the unloading response in compression. (4.27)

Substituting Eqs. (4.20) and (4.22) into Eq. (4.21), we have

= pklut! (4.28)
where
det det 8* e#
k. = ALg | 7C* # ) 4.29
T O(T 3ufc’3u§-’+08uﬂ-‘6u?) (429)
Assembling Eq. (4.28), we have the tangent stiffness equation for the total system
F+ = K*U¥ (4.30)
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where 7K* indicates the tangent stiffness matrix for the total system. Using the boundary
conditions and specifying the value of M/, we can solve Eq. (4.30). Substituting the solution
U* into Eq. (4.20), we have E#'. Note that we should find the set of tangential stiffness
coefficients C* that are consistent with the resulting signs of the components of E*' [17].
Substitution of E#' into Eq. (4.22) yields S#'. Differentiating Eq. (4.5) with respect to ¢, we

have
ot = E(e" —&bh). (4.31)
Substitution of E#' and $# into Eq. (4.31) leads to E4'.

4.3.3 Termination Conditions for Incremental Steps

At every instant when any stiffness coefficient change discontinuously, an incremental step

must be terminated. The conditions for the termination are written as follows:

oy — "t =0 for yielding in tension, (4.32)
Oye ~ o*T1 =0 for yielding in compression, (4.33)
e — At = ¢ for load reversals (4.34)

where A, = 1 or — . In addition, to prevent excessive accumulation of truncation errors,

the incremental steps are terminated so that the following condition is satisfied.
Y —t* — Af e = 0, (4.35)

where At,,.. Is a specified value. When only the first-order derivatives are taken into
consideration, Eqs (4.33)-(4.35) become linear equations of #*!. The incremental step
At = tFt! — t# is determined as the smallest value among the values calculated by Egs.
(4.32)-(4.35).

) Type T TypeP

Figure 4.4: Classification of cyclic responses.
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4.3.4 Stress-Strain Responses

For later discussion, we examine all the possible types of stress-strain cycles after convergence
to steady states. Classification of the responses is shown in Fig. 4.4. The type E is the elastic
shakedown state in which no equilibrium state exists on the strain hardening lines. The type
T is the elastic shakedown states whose maximum stress reaches the strain hardening line in
tension. The type C is the elastic shakedown states whose minimum stress reaches the strain
hardening line in compression. The type P is the plastic shakedown state. The superscripts
t and c indicate that the state variables for the equilibrium states at which strain take its

maximum and minimum values in a cycle, respectively.

4.4 DEVIATION FROM STEADY STATES

4.4.1 Outline of Formulation

Consider deviation from a steady state due to the slight change of the amplitude of cyclic
loads. This change is defined by A7 = 7441 — 7». The deviation from the steady state at
T = T, in the period t® < ¢ < ¢7 is illustrated in Fig. 4.5. To formulate the deviation, the

following hypothesis is introduced:

Hypothesis 4.1: All the instants t#, the state variables at ¢ = t# and its partial derivatives

with respect ¢ are the continuous and piecewisely differentiable functions of 7.

Then, using the Taylor-series expansion, we can write the state variables under the perturbed

loading condition defined by 7 = 7441 as

) 1.
Ur(Ths1) = UP(my) + U (1) (Ther — 7) + EU“(T}J (Thar — )2+ o+, (4.36)
u
A s >
Al B IRy &
ub(tp) =u¥(th)f------ Fiemmmmmm e A b i Sy
Dt(Thesd 4 P
AT Ei/t"+1(7h+1) C Ty, )
. AN <
t%th) tTn) " (xy) ()

Figure 4.5: Deviation from a steady state.
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) . 1.
Fr(rhe1) = F¥(m) + F(70) (Ther — ™) + §FH(Th) (Thar —7a)° 4+, (4.37)

) 1y )

EX(7s1) = BX(n) + B (m) (s — 7) + 5B () (man = m)* 0, (4.38)
. 1.

S*(The1) = S*(m) + 8" () (Thir = ™) + 55" () (Mg = )" -, (4.39)
. 1.

ES(the1) = Eb(m) + E::(Th) (The1 — Tn) + 5E$(Th) (Thsr = 70)2 + -+, (4.40)

where dot indicates the differentiation with respect to 7. For simplicity, our discussion in
this paper is restricted to the case where all the terms higher than first order are neglected.

Now our object is to obtain the derivatives with respect to 7. A difficulty arises here
because no direct stress rate-strain rate relation such as Eqs. (4.23)-(4.26) is given. The

strategies to overcome this difficulty are outlined as follows:

1. To use the stress rate-strain rate relations obtained by differentiating (4.5), which is
valid in any equilibrium state, with respect to 7. This idea was proposed by Uetani and
Kobayashi [16]. Since plastic strains are included in the stress rate-strain rate relations,

as shown in the next subsection, all the derivatives can be expressed as

U" = H“E, +h”, (4.41)
F' = H*E, + h#

= H{E, + hf, (4.42)

E" = HYE, + b, (4.43)

S" = HYE, + b, (4.44)

where H” and h* are the constant matrix vector, respectively.
2. To express the plastic strain rates at ¢ = t* as
4 — GPED + g (4.45)
p = p T8 .

where G* and g" are the constant matrix and vector, respectively. This relation is

derived in the later subsection 4.4.3.

3. To obtain the recurrence equation that relates the plastic strain rates at the two con-

secutive periodic instants ¢t = ¢® and ¢ = ¢” by substituting 4 = v into Eq. (4.45).
. T . 0
E,=G"E, +¢g. (4.46)

The plastic strain rate E;: is obtained as the limit of the solution of the recurrence
equation (4.46) as I — oo. Substituting Eg into Eq. (4.45), we have E::. Substitution
of Eﬁ into Egs. (4.41)-(4.44) yields the first-order derivatives at t = t#.
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4.4.2 Rate Relations at Arbitrary Instants

In this subsection, it is shown that all the first-order derivatives with respect to 7 are
expressed as Eqs. (4.41)-(4.44), which are the linear equations of Eﬁ. Differentiating (4.1)-

(4.4), we have the rate forms of strain-displacement relations as

et .
P i (4.47)

The rate forms of equilibrium conditions are written as

- ., Oe" O e*
fz'u = ALy (U'ua e + G"umﬂ#) . (4.48)
1 i 3

gt =

Differentiating Eq. (4.5) yields
o = E(e" — €h). (4.49)

Note that this relation is valid even if plastic loading occurs at ¢ = t# and that €* is
deliberately remained as unknowns in this formulation though £’ is usually eliminated in
the formulation for tracing equilibrium paths. Substitution of Eqs. (4.47) and (4.49) into
Eq. (4.48) leads to

: et det , 0% et : d et |
fi = AL (Ea Fod 7 auF e u‘") U~ ALE g m
i J t 7 4
= pkiil + gblel, (4.50)

where Ekfj is the coefficient of 4 and gb! is the coefficient of b, Assembling the rate

equations (4.50) yields the rate relations for the total system
B = ;K#O" 4 ;BHE" (4.51)
where g K and gB are the coefficient matrices of U and Ep, respectively. By using the
boundary conditions and by arranging Eq. (4.51) as shown in Appendix A, we can express
F and U as
F' = HYE, + b, (4.52)
U" = HYE] + ht, (4.53)

in which H* and h* denote the constant matrix and constant vector, respectively, and the
subscripts f and u indicate the variables corresponding to F and U. Using the rate forms

of the compatibility condition (4.47) and the stress-strain relation (4.49), we have
E' = HEE, +b%, (4.54)
$" = H'E, +h¥, (4.55)
where the subscripts ¢ and s indicate that the variables refer to those for E and S.
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4.4.3 Recurrence Relations between Consecutive Periodic In-
stants

Let us shown that the relation between E?, and E; are expressed as the recurrence relation
(4.46). This is shown in two stages based on the procedure of the mathematical induction.

First, obviously, we have
E = G'E +¢° (4.56)
p P ’ :
where G? = I and g° = 0. Next, assume that E;j is assumed to be expressed as
M -0
E, = G'E, +g" (4.57)

and that t# is written as

. T+ 0

i* = gi"E, + g (4.58)

in which gt and g}' are the constant vector and the constant, respectively, and the superscript
: utl

T indicates the transpose of the vector. Then our problem is to show that E;'+ is written

as

L1
Eo”

= GMYIE) 4 gt (4.59)

The incremental relation between Ef and Eﬁ“ is expressed as
EjY = Ef + B (i —tH), (4.60)

where the higher-order terms with respect to ¢ more than first order are neglected. Differ-

entiating Eq. (4.60) with respect to 7, we have

i+l

EXT = B 4 B (14— ¢#) 4 BE (P - i), (4.61)

Here, from the assumptions, E': and # in Eq. (4.61) are expressed as the linear equations
of Eg. The variables t#,#**! and E4’ can be regarded as constants since they are the known
quantities in the current steady state at 7 = 7,. Since, as shown in Appendix B, both Eg'

and #t! are expressed as

B = REE, 4, (4.62)
P = gtUE, + gl (4.63)

where RY and rf are the constant matrix and the constant vector, respectively. Now we can

= pt1 . . -0
express E:;Jr as the linear equation of E,,.
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Substituting Eqs. (4.58), (4.62) and (4.63) into Eq. (4.61) and comparing it with Eq.
(4.59), we have

Gl = GF 4 R (twl _ t,u) + E;," (gf-H _ gf)T, (4.64)
gl = gt ¢ rh (t“‘“ - t"‘) + Eg’ (g{‘+1 - gf‘) . (4.65)

Repeating the procedure shown in Eqs. {4.64) and (4.65), we obtain the relations

G7 = Q%+ i‘l [R;; (! — ) + B (g - g';)T] , (4.66)
u=0

gl = g%+ f [t (14t — 1) + B2 (g = g)] (4.67)
u=0

where G® =1, g =0, g0 = 0 and g0 = I(T(as1) — T(m)).

4.4.4 Stress-Strain Responses

According to the types of the stress-strain responses in a steady cycle, the types of those in
the deviation from the steady cycle are classified into the four types shown in Fig. 4.6. When
the current type is E, the type of the deviation is the type (E), where no plastic deformation
occurs in a period. If the current type of the response is T, the type of the disturbance is
the type (E) or the type (T). In the type (T), plastic loading occurs only in tension. If the
current type of the response is C, the type of the disturbance is the type (C) or (E). In the
type (C), plastic loading occurs in compression. When the current type of the response is P,
the type of the deviation is the type (P), where plastic deformation occurs in both tension
and compression.

When the type in a steady cycle is T or C, the type in the deviation can not be determined

uniquely. In addition, if yielding occur in more than one element at the same instant in

o, Type(T) Type(P)

Figure 4.6: Classification of transient responses.
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the steady-state response, the order of the instants in the deviation cannot be determined
uniquely. Hence if such situation takes place, the types of the response and the order of the

instants should be assumed in constructing the recurrence equation (4.46).

4.5 STABILITY OF STEADY STATES
4.5.1 Definition of Stability

Following the definition of stability of solution due to Liapunov [2], the concept of stability
of steady stotes is simply stated as “a steady state is stable if a small change in loading
condition leads to a small deviation in the responses”. Note that the small change in the
loading condition is given as the level of external loads here, while that is given as initial
conditions in the definition by Liapunov.

The rigorous definition of the stability is stated as

Definition 4.1 For an arbitrary positive number ¢, if there exists a positive number § such
that every solution with [A7| < 6 satisfies the inequality AU(t) < e for all times ¢ > 0, the
steady state is called stable.

Here, AU(t) is the norm defined by

AU(t) = [|[U(r + A7, t) — U(r, t)]|

13—

= {Z[U T+ AT, t) — Uy (7, t)]z} (4.68)

where the subscript n indicates the number of the component of U.

4.5.2 Stability Criterion

As shown in the previous section, if the type of the stress-strain responses under the per-
turbed loading condition is assumed, the relation between the plastic strain rates at periodic

instants ¢ = IT and ¢ = (I + 1)T are uniquely expressed in the form of recurrence equation
Eq. (4.46)

B = G'El+g.

This equation can be partitioned as

Ty ~: -0

E G0 E g

A QR M T Z +9--Y, (4.69)
olle 4 - _

E, 0;1 E, g
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where E indicate the plastic strain rates of the elements in which no plastic deformation
occurs in a period, ];) indicate those of the other elements, and G is the coefficient matrix
of ]:32 The displacement rate UO is expressed as the linear equation of E2 as far as gK is
positive definite as shown in subsection 4.4.2. The stability criterion is therefore written in

terms of the eigenvalues of G as

Theorem 4.1 Suppose that the maximum absolute eigenvalue of G is less than one for all
the possible combinations of the types of the stress-strain response to the incremental change
in loading condition. And suppose that all the equilibrium states are stable in the sense of

Hill [7]. Then the steady state is stable.

Since the number of the combination are finite, it is theoretically possible to examine all the
possible combinations. It must be recognized here that, without this criterion, one has to
perform equilibrium path analysis for infinite number of the pattern change in the loading
conditions in order to ensure the stability. And it is generally very difficult to examine by
using the equilibrium analysis whether or not the transient response converges to a steady
state as I — oo because of the accumulation of numerical errors.

However, if the number of elements exhibiting the type T or C becomes large, it seems
to virtually impossible to examine all the possible combinations. To obtain more practical
stability criterion that can be used in this case, the following two hypotheses are introduced.
Let G indicate G that is constructed in the case where all the elements exhibiting the type

T and C exhibit (T) and (C), respectively. Then the hypotheses are given as:

Hypothesis 4.2 The values of the components of G are independent of the order of the
yielding times of the elements exhibiting type (T) or (C).

Hypothesis 4.3 The maximum absolute eigenvalue of G is less than or equal to those of
G constructed for all the possible combinations of the types of the stress-strain response in

the perturbed response.

On the basis of Hypotheses 4.2 and 4.3, a more relaxed and practical stability criterion is

give by the following theorem.

Theorem 4.2 The steady state is stable if the maximum absolute eigenvalue of G, is less

than one.

Here, theorems 4.1 and 4.2 states the sufficient conditions for the stability of a steady state.
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4.6 STEADY-STATE LIMIT
4.6.1 Outline of Formulation

In this section, a method is presented for finding the steady state limit. For the structures
under an idealized cyclic loading program with continuously increasing amplitude shown
in Fig. 4.7, the steady-state limit is defined as the critical amplitude beyond which the
structures no convergence occurs to any steady state.

In the method, variation of a steady state under the idealized cyclic loading program is
traced by repeating the Taylor-series expansions (4.15)-(4.19). The derivatives with respect
to T is obtained using the recurrence equation (4.46). The steady-state limit is found as the

critical steady state at which loss of the stability of steady states occur.

4.6.2 Rate Relations for Variation of Steady States

As mentioned in the previous sections, when all the state variables are known in the current

steady state at 7 = 73, variation of the response is described using the recurrence equation
(4.46)

E = G'El+g.

If the current steady state is stable, the limit of the solution of recurrence equation Eq.

(4.46) as I — oo can be obtained as the solution of the simultaneous equation

e . ~0 5 -
E, = GE, +§, (4.70)

.
-

Load Factor A,
=
1
1 — i
—
=
-
3
[

L
-

Idealized Cyclic
Loading Program

Load Factor A,

Figure 4.7: The idealized cyclic loading program.
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(4.71)
E, = 0. (4.72)

Substituting the solution of the simultaneous equations into Eqs. (4.41)-(4.44) and (4.45),

we have all the derivatives at ¢ = t* with respect to 7.

4.6.3 Consistent Set of Stress-Strain Responses

When an element exhibits type T in the current steady state at 7 = 75, the type in the
deviation from the steady state is the type (T) or (E). Similar is the case when an element
exhibits type C. In constructing the rate relations for variation of a steady state, we assume
the type in the deviation for the elements exhibiting the type C and T. On the other hand,
direction of the plastic deformation occurred in the transient process between two consecutive
steady states must be consistent with the assumed type of the transient response. Therefore,
for all the elements exhibiting the type T or the type C behavior, we should choose a set of
the stress-strain responses that are consistent with the signs of the resulting strain rates. In
addition, when yielding occur in more than one element at the same instant in the current
steady state, the order of the instants in the deviation may be different and cannot be
determined uniquely. The order is assumed in obtaining the rate relations, and the resulting
order should be checked whether they are consistent with the assumptions or not.

To find the consistent set of the stress-strain responses, we employ a trial and error
approach. In the trial and error approach, first, we assume the type of the stress-strain
responses and the order of instants if necessary. Then, the rate equations are constructed
and solved. The consistency is checked between the assumption and the results. This

procedure is continued until all the assumptions are consistent with the results.

4.6.4 Termination Conditions for Incremental Steps

When the types of the stress-strain responses in steady states change as shown in Fig. 4.8,
different types of the stress-strain responses in deviation should be used in constructing the
recurrence equation (4.46). Incremental steps A7 is therefore determined considering the
conditions for the transition of the types of the stress-strain responses in steady states.
The step length A7 is selected as the smallest positive value among the values calculated

from the following conditions (4.73)-(4.79):

ohy — 0*(Thy1) = 0, (4.73)
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T="Ch_-| > T:Th -> T=Th+1

Type C Type P

Figure 4.8: An example of variation of a cyclic response.

ok, — 0" (Ths1) = 0, (4.74)
at(Tl1+l) - UC(Th-{-l) - Zay = 01 (475)
o {(Thy1) — agt(v'hﬂ) =0, if 6f= 056 at T = Ty, (4.76)

8

J#(T’H"l) - O-gc('rh-{—l) = Oa if 0..3 =0y

at T =7, (4.77)

where the superscript 4 indicate the variables for the equilibrium states at which the last
unloading occurs before ¢ = ¢#*. Note that both of the subsequent yield stresses are given
by substituting €/ into Eqgs. (4.8) and (4.9). In addition, the order of the instants t* and
t**1 in a steady state may be different when 7 is changed. In this case, the incremental step

should be terminated using the condition given by
t#(Tha1) =t (The) = 0. (4.78)

Besides the conditions above, the step length A7 should be kept small enough to prevent

excessive accumulation of truncation errors. Hence the incremental steps are terminated by

AT = ATimgy = 0. (4.79)

4.6.5 Steady-State Limit Condition

In the preceding chapters, the steady-state limit has been characterized as the first limit
point of the steady-state path. That is, the steady-state limit has been characterized by
% < 0. On the other hand, in this section, the steady-state limit is found as the steady state
at which the loss of the stability of steady states occurs.
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4.7 NUMERICAL EXAMPLES

The proposed method is applied to the two-bar and ten-bar trusses shown in Figs. 4.9 and
4.10, respectively. To show the validity of the proposed method, the results of the proposed
method is compared to those obtained by the method presented in the previous chapters.

The cross-sectional areas of the the ten-bar truss are as follows: Ay = Ay) = Ay =
11 em?, Agy = Agg) = 1.1 cm?, Ay = Ay = Apoy = 10 em?, and Ay = Ay = 1 em?,
and those of the two-bar truss are Agy = Ay = 10 cm?. The ten-bar and two-bar trusses
obey a bi-linear kinematic hardening rule with F = 1.961 x 10°GPa, E, = 0.01E, and
oy = 2.942 x 10°MPa.

The constant forces and the cyclic forced displacements are denoted by A\gFp and AU,
respectively. The constants are set to be £y = 9.807 x 10°N and U, = lem. For the ten-bar
truss, Ag is set to be Ay = 28.27 and Mg = 14.94. As shown in the last chapter, in the case
of Ay = 14.94, strain reversals occur not only at load reversals but at yielding points. The
load factor Ay is set to be Ag = 5.000 for the two-bar truss.

For the present and previous methods, several constants should be specified. In the present

method, we specify the values of Af a0z, ATma: and the highest order of the derivatives taken

Cyclic Forced Disp. AU, }- Initial Force AgF

H,=100cm
R

Figure 4.9: The two-bar truss.

Hs = 800cm
400cm ! 400cm

Figure 4.10: The ten-bar truss.
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into account with respect to both ¢ and 7. Throughout the analysis, the higher-order terms
more than and equal to second order is neglected for both of the derivatives. For the ten-
bar truss, these constants are Af,ez = ATmez = 0.2 under Ay = 28.27, and At = 0.2
and ATme; = 0.002 under A\g = 14.94. And they are Afmez = AFpee = 0.001 for the
two-bar truss. On the other hand, in the previous method, A7,., and the highest order of
the derivatives taken into consideration with respect to 7 is specified. These are set to be
identical to those for the present method.

Variation of the maximum absolute eigenvalues of G, is shown in Figs. 4.11- 4.13. The
steady-state path obtained by the previous and the present method are illustrated in Figs.
4.14-4.16. The solid lines show the steady-state path obtained by the previous method. The
white circles indicate the results obtained by the present method. For the ten-bar truss
under Ay = 28.27 and Ay = 14.94 and the two-bar truss, the values of the steady-state limit
st predicted by the present method are ¥,4 = 2.590, 9:q = 13.17 and ¢, = 0.1200,
respectively. Those obtained by the previous method are 1,4 = 2.589, 1,5 = 13.16 and
Yt = 0.1199. From these figures and values, it may be stated that good agreement is

observed between the steady state limits predicted by the previous and the current methods.

1.2 T T L} T 1.02 [} T T
1t o . 1.01 i
1.00 -
08 r .
g g
2 06 F . %
S S 0.8 ]
i 7]
04 1 1
0.97 J
02t I 0.96 :
0 1 1 1. 1 0.95 1 1 L 1
0 0.03 006 0.09 0412 0.15 0.112 0.114 0.116 0.118 0.12 0.122
Amplitude ¥ Amplitude ¥

Figure 4.11: Variation of maximum absolute eigenvalue of G|, for the two-bar truss.
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Figure 4.12: Variation of maximum absolute eigenvalue of G for the ten-bar truss under
Mo/ X = 0.70.
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Figure 4.13: Variation of maximum absolute eigenvalue of Gy for the ten-bar truss under
o/ = 0.37.
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Figure 4.14: Steady-state path for the two-bar truss.
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Figure 4.15: Steady-state path for the ten-bar truss under Ag/A, = 0.70.
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Figure 4.16: Steady-state path for the ten-bar truss under Ag/X, = 0.37.

4.8 CONCLUSIONS

For elastoplastic trusses subjected to quasi-static cyclic loads in the presence of constant
loads, a theory has been presented for finding the steady-state limit as the critical steady
state, which, roughly speaking, bounds the convergence and divergence of plastic deforma-

tions. The following conclusion is made on this research.

1. Deviation from a steady-state response due to change of the amplitude of cyclic loads
has been formulated using the recurrence equations that relates the plastic strains at
two consecutive periodic instants.

2. The concept of stability of steady states has been introduced to quasi-static problem of
elastoplastic structures. A new stability criterion has been derived using the eigenvalue
of the coefficient matrix in the recurrence equations. Since this criterion may be difficult
to apply the trusses with a number of elements, a more relaxed criterion has been
presented by introducing two hypotheses on the combination of stress-strain responses.

3. Using the recurrence equations, a method has been presented for tracing the variation
of a steady state under an idealized cyclic loading program with continuously increasing
amplitude. The steady-state limit is found as the critical steady state at which the
stability of steady state is lost.

4. Through numerical examples, validity of the present method has been presented. Good
agreement has been shown between the results obtained by the proposed method and

those obtained by the method presented in the previous chapters.
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Appendix A. Relations between U", F" and Eg

According to boundary conditions, Eq. (4.51) can be arranged into

A F KeK® | | O B“B* | | E;
RS S P [ S SN A (4.80)
F Kba!Kbb A U Bbaleb Eb ]
1 c { P

where bar and the tilde indicate that the vectors corresponds to the known and unknown
vectors, and the subscript e and b are used only for distinguishing the vectors corresponding
to the known and unknown vectors. Suppose that K, is not singular. Then Eq. (4.80) can

be written as

i']' _Kaa—lBaa: _Kaa—lBab E; ‘ Kaa—ll‘;\ _ Kabﬁ
-y = e R B D T e (4.81)
AU | i 0 1 0 B U
AF 0 : 0 1%
e =N — L e ___. - -
. 1
f\ \- K ee-1gee + Bba : “KbaKau.—lBab + Bbb E}t:’n
. F
) . (4.82)

By substituting the specified value of A into Eqs (4.81) and (4.82), we obtain Eq. (4.53)
and Eq. (4.52), respectively.

Appendix B. Relations between Egl, t+1 and Eg

First, consider the relation between Eg’ and Eg Differentiating Eqgs. (4.28) and (4.29)
with respect to 7 and substituting Eq. (4.49) into it, we have

f = okl 4 patiid + rbl'eh. (4.83)
where
O et O et 9% gt
NS N e z , 4.84
Thy AO(T augau;f”aufaug) (4.84)
gt et QeH Jet  §%er gt et Qe+
B w # Cl'-" E 4.
ra; = AL (Tcaug‘au;auk+T Buf‘aufauﬁJr A ul O uf & ulf {4.89)

2 o1
O e (4.86)



Assembling Eq. (4.83), we have the equation for the total system

= KFUH 4 pARUY 4 1BYEL

(4.87)

where vX, 7A and tB are the coefficient matrices of I'J*", U* and E::. Substituting Egs.

(4.53) and (4.57) into Eq. (4.87) and arranging it, we obtain
B¢ = RUE, + 14,
U+ = REE, + 1t

Differentiating Egs. (4.20), (4.22) and (4.31) with respect to 7, we have

» a% e# de

- o - pd

EY = U U b U
[ [ Rt

aui a'U..J au,

=L il

G = pCHeM

oo L gl

o' = E(e" — &)

By using these relations, other state variables can be expressed as

. . 0
E* = RIE, + ¥,

wn-
®
I

-0
I "
RYE, + 1,

. . 0
EY = R’;Ep + ;.

. - -0 . o
Next consider the relation between t*! and E,. Differentiation of Egs.

yields
Gy — T =0 for yielding in tension,
Gye — "t =0 for yielding in compression,
Ae—=MFL =0 for load reversals,
L i A e = 0, -for truncation errors
where
. . EE, .,
Oyt = Oye = 13
w= =g

Gt Bl U N
+9,

Nt o g () o ()

[

>
I

Atmer = 0.
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(4.88)

(4.89)

(4.90)

(4.91)

(4.92)

(4.93)
(4.94)
(4.95)

(4.32)-(4.35)

(4.96)
(4.97)
(4.98)

(4.99)

(4.100)

(4.101)
(4.102)
(4.103)

(4.104)



From the assumption, # is written as the linear equation of E:),, and ¢#11 t# and all the partial
derivatives with respect ¢ are known variables. Hence, by arranging Eqs. (4.96)-(4.99), {*+!

is expressed as

bt = IR getl (4.105)
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Nomenclature

The following symbols are used in this chapter:

A initial cross sectional area;
ray;  coefficient of 45 that relates e % and €k;
B coefficient matrix of Ep that relates ¥, U and E',,;
gb  coefficient of é, that relates f;, 1; and é,;
Tbi;  coefficient of €4 that relates bia g ! % and é;
7C  coeflicient of ¢';
E  Young’s modulus;
E, tangent modulus after yielding;
E  strain vector for total system;
E, plastic strain vector for total system;
F  nodal force vector for total system:;
G*  constant matrix that relates E;; and Eg;
gt constant vector that relates E;f and Eg;
gl constant vector that relates £ and E:;;
constant that relates t* and Eg;
fi  nodal force;
H*  constant matrix that relates E and Eg :
HY}  constant matrix that relates F* and Eg;
H* constant matrix that relates S° and E::;
H*  constant matrix that relates U" and E;L;
h*  constant vector that relates E* and E:: ,
hﬁr‘ constant vector that relates F* and E’; ;
h*  constant vector that relates S" and E:j :
R”  constant matrix that relates B+ and Eg;
R%  constant matrix that relates F+ and Eg;
R*  constant matrix that relates S and Eg;

. : - 0
R*  constant matrix that relates U* and E,;

. . . D
Rf  constant matrix that relates E;," and E,;
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N w WP

e

tO

tH*

tU

constant vector that relates Eg" and Eg;
constant vector that relates U" and E;‘;
number of cycles;

tangent stiffness matrix;

coefficient matrix of U that relates ¥, U and E,;
coefficient of u;

coefficient of 4; that relates f;, %; and €p;
current length;

initial length;

number of elements;

number of nodes;

constant vector for constant loads;
constant vector for cyclic load;

stress vector for total system,;

period of cyclic loads;

equilibrium path parameter;

0 = IT;

t° = (I +1)T;

an arbitrary instant between ° and t7;
an arbitrary instant between t° and t7;
nodal displacement vector for total system;
nth component of U;

nodal displacement;

current position of nodes;

initial position of nodes;
Green-Lagrangian strain;

plastic strain;

load factor for constant load;

load factor at initial buckling load;

load factor for cyclic loads;
Por —;
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¢  second Piola-Kirchhoff stress;
o, initial tensile yield stress;
g, Gy=01-E/E)oy;
oyc Subsequent yield stress in compression;
oy subsequent yield stress in tension;
7  steady-state path parameter;
T,  an arbitrary value of r;
At of equilibrium path parameter;
AU  U(r + A7, t) — U(r, t);
AU  norm of AU;
Atnez maximum allowable value of At;
AT  increment of steady-state path parameter;
ATme:  maximum allowable value of AT;

1»  amplitude of A

West  amplitude at steady-state limit;
Superscripts

t  variables for the equilibrium states at strain reversals in tension;

¢ variables for the equilibrium states at strain reversals in compression;
0  variables for the equilibrium states at t = 9;

4 variables for the equilibrium states at ¢ = ¢*;

v variables for the equilibrium states at ¢t = ¢¥;

~  variables for the equilibrium states at t = ¢7;
Signs

(') derivatives with respect to T;

()  derivatives with respect to t.
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Chapter 5

Concluding Remarks

For elastoplastic trusses subjected to an idealized cyclic loading program with continuously
increasing amplitude, two methods have been presented for finding the steady-state limit,
which bounds the convergence and divergence of plastic deformations. The former method
has been presented in chapters 2 and 3, and the later has been presented in chapter 4.
Serious difficulty arises when the previous steady-state limit theory, originally developed
for cantilever beam-columuns, is applied to trusses. The previous steady-state limit theory
was constructed based on the fundamental hypothesis that strain reversals in a steady state
occur only at load reversals. But this hypothesis may not be valid in trusses. This difficulty
is overcome in the former method by relaxing the hypothesis so that the strain reversals due
to ylelding are taken into consideration. In the later method, this hypothesis is completely
excluded.

Moreover, in chapter 4, the concept of the stability of steady states has been introduced
to the quasi-static problem of elastoplastic trusses under cyclic loading. A new stability
criterion has been derived. And a more practical criterion has been given by introducing
the two hypotheses concerning the combination of the types of stress-strain responses. In
the former method presented in chapter 2 and 3, the steady-state limit is characterized as
the first limit point of the steady-state path, which represents the variation of steady state
under the idealized cyclic loading program. In contrast, the steady-state limit is found as the
steady state at which the stability of the steady states is lost in the later method presented
in chapter 4. Since the former method yields only steady states, which may be stable or
unstable, the characterization of the steady-state limit in the later method is more desirable.

Through numerical examples, validity of the two methods have been demonstrated. Good
agreements have been observed between the results obtained by the former method and those
obtained by the conventional response analysis if the loading conditions for these analyses

are close enough. Verification of the later method has been given by showing the good
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agreement between the results obtained by the former and the later methods. It is worth
noting that, though this is not a quantitative result, the steady-state limits, defined under
an idealized cyclic loading program with continuously increasing amplitude, provide lower
bounds for the limiting values of convergence obtained by the response analysis performed
under the two typical and realistic cyclic loading programs.

There is a trade-off between the proposed two methods in tracing the steady-state path.
In the former method, no equilibrium path is needed to be traced. This is an advantage.
But, the size of simultaneous equations might be very large when the number of the elements
exhibiting plastic shakedown becomes large. This is a disadvantage. On the other hand, the
drawhack of the later method is that one must perform equilibrium analysis, though only
for one cycle. The advantage of the later method is that the size of simultaneous equations
is generally much smaller than that in the former method. Hence, if the number of the
elements exhibiting plastic shakedown is not so large, the former method is more suitable
than the later method. Otherwise, the later niethod may be better. It should be noted that
these drawbacks are not inherent and may be overcome by making effort on the numerical
efficiency.

Throughout this thesis, only trusses are treated as the simplest finite dimensional struc-
ture. But once the backbone procedure is developed for a simplified model, then it is expected
to provide a guideline for developing the procedures for practically acceptable models. The
methods and theories presented in this thesis can be easily extended to the arbitrarily shaped
structures whose behavior is described by uni-axial stress-strain relations. The later method
is expected to be directly applicable to three dimensional continua with almost no restric-
tion. Furthermore, the later method appears to be suitable for taking into account dynamic
effects.

This conctusion ends with the topics of our future research:

1. To develop more efficient method based on the present methods.

2. To exclude the hypothesis on the combination of the types of stress-strain cyclic re-

sponse. This is expected to lead to a uniqueness criterion of variation of a steady state.

3. To derive the stability criterion of a steady-state response taking dynamic effects into

account.
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